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CHAPTER 1: GENERAL INTRODUCTION 
The world population is expected to hit 9 billion people by the year 2050. The need 
to efficiently and sustainably produce high quality nutritious food will be a key challenge for 
producers. Meat is a complete source of protein, B-vitamins, and other macronutrients, and 
a necessity for a balanced diet [1-2]. As the world population continues to grow and 
developing countries become more affluent, the demand for meat will increase. In order to 
efficiently and sustainably produce enough meat to satisfy the demand, research must be 
conducted to establish the biological differences between animals with differing feed 
efficiencies. It has long been established that traits such as breed, sex, age, and season 
(temperature) impact the ability of an animal to efficiently convert dietary energy to 
metabolic energy (ATP). However, these aforementioned factors do not explain all of the 
variations in efficiencies. These variations can be partly explained by calculating residual 
feed intake (RFI). The concept of RFI was developed to account for the difference between 
actual feed consumption and expected consumption given average daily gain [3] and 
backfat [4]. A low RFI value would indicate the animal is more efficient in the converting 
dietary energy to metabolic energy than its contemporaries. Similarly an animal with a high 
RFI value would consume more than expected based on average daily gain and backfat. 
To understand and improve efficiency in meat production, the molecular differences 
between high and low RFI animals need to be better characterized. One of the end products 
of the conversion of dietary energy to metabolic energy is ATP. ATP is the metabolic 
currency of the cell. The mitochondria, known as the “power house of the cell,” generates 
up to 90% of ATP produced by the cell. The molecular make up of the mitochondria may 
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impact the efficiency of an animal. Investigations into the electron transport chain and the 
protein profile of mitochondria may provide evidence for the observed differences in 
efficiencies from animals genetically selected from RFI.  
The electron transport chain is responsible for the conversion of the metabolic 
products originating from the TCA cycle into an energy gradient that is used to synthesize 
ATP from ADP. Superoxide anions are a form of reactive oxygen species (ROS) that originate 
from electron transport. Superoxide anions can cause oxidative stress and damage to cells 
and proteins. Energy is required to repair this oxidative damage, potentially leading to the 
partitioning of dietary energy away from protein accretion and growth towards cellular 
repair and replacement. In addition to ROS damage, the protein profile of mitochondria 
may hold clues as to the overall molecular differences between animals genetically selected 
for high and low RFI. Changes in the abundance of proteins related to ATP production, 
antioxidant defenses, and cell rescue could provide clues for the observed differences in 
RFI.  Our overall objective was to determine potential molecular differences in the 
mitochondria using pigs genetically selected for RFI status as a model.  
Our data show there is a tissue specific increase in ROS production from the 
mitochondria in the less efficient, high RFI line. Coupled with the increase in ROS, proteins 
related to ATP production and cellular rescue were more abundant in the more efficient low 
RFI line. In addition to the data comparing RFI lines, a minimal difference in the protein 
profile was observed when animals separated by RFI phenotype irrespective of line. 
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Dissertation Organization 
 This dissertation is organized into six chapters. Chapter 1 contains a general 
introduction. Chapter 2, is a review of the literature relevant to the dissertation and topic. 
The format of Chapters 1, 2, and 6 is in line with the style and form of Journal of Animal 
Science. Chapter 3, titled “Selection for residual feed intake alters the mitochondrial protein 
profile in pigs,” was submitted for review in the Journal of Proteomics and has been 
accepted pending required revisions. Chapter 4, titled “Divergent genetic selection for 
residual feed intake impacts mitochondria reactive oxygen species production in pigs” was 
submitted for review in the Journal of Animal Science.  That manuscript has been accepted 
pending required revisions. Chapter 5 is entitled “Influence of residual feed intake on 
mitochondria protein profile in pigs” and has been prepared for submission to the Journal 
of Proteomics. Chapter 6 is a general conclusion for the entire dissertation. 
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CHAPTER 2. LITERATURE REVIEW 
 
 
Literature Review 
 
Introduction 
In meat production, feeding animals is the most expensive step. This is true when 
considering both monetary (management, feed, and labor) and natural resources (land, 
energy, and water). Residual feed intake (RFI) is a production trait calculated by determining 
the difference between an individual animal’s observed feed intake and expected feed 
intake based on average daily gain and backfat (Figure 1) (Boddicker et al., 2011). RFI was 
first described as a measure of production efficiency in 1963 (Koch et al., 1963). Animals 
with a low RFI are more feed efficient than animals with a high RFI, while maintaining 
similar growth performance (Boddicker et al., 2011). Selection for RFI can be used to create 
genetic lines of differing efficiencies. These lines can be used as a model to establish the 
molecular differences between high and low RFI, which can then be used to improve the 
efficiency  of modern day production. The observed increase in efficiency is primarly 
realized by improvement of energy utilization from dietary energy. Once consumed, dietary 
energy must be converted into metabolic energy. RFI is considered a predictive measure of 
energy utilization (Herd and Arthur, 2009; Reynolds et al., 2011). Efficient use of dietary 
energy leads to a decrease in feed required to produce muscle proteins of which the 
ultimate product is meat. The molecular differences related to production of metabolic 
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energy between high and low RFI individuals and methods used for these determinations 
are the focus of this review. 
Figure 1. RFI value is the difference between the expected feed intake and the actual, 
observed feed intake. 
 
 
Aside from the more efficient use of feed resources, addressed by RFI, there have 
also been improvements in production efficiency. Many of these improvements have been 
made by advanced health programs, better nutrition, and modern genetics. In the United 
States, total beef production from 1977 to 2007 increased 1.3 billion kg while realizing a 
reduction in total energy requirement, water, land, and fossil fuel usage (Capper, 2011). 
Pork production in 1975 was estimated to use 26.2 MJ/kg of body weight (BW) (Reid et al., 
1980) not including energy included in feed consumed by pigs (Lammers et al., 2012). 
Current estimates of energy usage for pork production ranges from 28.8 to 29.3 MJ/kg of 
BW depending on the production system and accounting for energy contained in feed 
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(Lammers et al., 2010a; Lammers et al., 2012, 2010b). After accounting for energy 
consumed in the feed, current swine operations (farrow to finish) are 80% more efficient 
than in 1975 (Lammers et al., 2012). A more thorough understanding of how selection for 
efficiency influences energy use by the animal is needed. A starting point for this 
understanding is in the conversion of dietary energy to ATP, which takes place in the 
mitochondria through electron transport. Mitochondria are responsible for 90% of ATP 
production in the cell. Consequently, modifications to mitochondrial functionality have the 
potential to influence dietary energy utilization and in turn impact efficiency. These 
differences can include changes in protein profile and reactive oxygen species (ROS) 
generation due to electron leakage from the electron transport chain. 
 
Defining efficiency 
Efficiency is defined as “effective operation as measured by a comparison of 
production with cost (as in energy, time, money)” (Websters). Improving pork production 
efficiency could potentially have the largest impact on meat production, given pork is the 
number one meat consumed in the world. More efficient production systems coupled with 
decreases in the amount of time required for an animal to reach market weight and the 
amount of feed consumed will allow more meat to be produced per unit of natural 
resources. 
 
Measurement of efficiency has become a hot topic in recent years. However, there 
are some important distinctions when considering efficiency of a swine operation. There is 
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the need to differentiate traditional and biological efficiency measurements. Traditional 
efficiency traits include average daily gain, weaning weight, days to 113 kg, and litter 
weight. Biological efficiency might include measurements such as digestibility, nitrogen 
retention, and RFI. Traditional efficiency measurements have been used for decades to 
select animals for increased efficiency. As helpful as traditional efficiency measurements 
have been, more in depth measurements need to be taken in order to increase efficiency at 
a more rapid pace. Collecting these biological efficiency measurements is a costly and time 
consuming process. The direct measurement of biological efficiency may not need to be 
collected continuously if the impact of biological efficiency on overall efficiency is defined 
and understood. The identification of markers or indicators of biologically efficient animals 
would be helpful in making animal agriculture, specifically pork production, a more efficient 
process. 
 
Biological Efficiency and RFI: 
It is prudent to define “biological efficiency” to develop a true understanding of 
biological efficiency. No real definition of “biological efficiency” exists, other than biology of 
the animal that might affect performance and thus impact efficiency. In fact, a brief search 
using the Web of Science yielded few results. The results that were related to the search 
terms “biological efficiency” were about thermodynamic efficiency in food systems 
(Tolstoguzov, 2003). For the purpose of this dissertation, the definition of biological 
efficiency is “ the molecular and physiological pathways that impact the production 
performance of an individual animal.” 
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Concept of Biological Efficiency 
The main question of biological efficiency can be thought of as “what is biologically 
different” that makes animals have different efficiency levels? When it comes to efficiency 
there are obvious differences such as sex, breed, and age. These differences have been well 
described over the past 50 years. The question not yet answered is  “why do animals of the 
same sex and breed, that have been raised on the same diet, in the same system have 
different efficiencies?” Some answers to these questions can be observed at a molecular 
level. Determination of the differences at the molecular level will lead to the question of 
how each molecular difference impact the biology and thereby the efficiency of the whole 
individual.  
 
Measurement of RFI provides some insight into the efficiency differences between 
animals of similar sex, breed, and age, but does not answer the question of why these 
differences exist. A full understanding of how dietary energy is digested, absorbed, then 
used in the body is needed. Answers to some of these questions have been reported 
recently in various livestock species by groups investigating RFI at Iowa State University 
(pigs) (Boddicker et al., 2011; Cai et al., 2008; Smith et al., 2011), the University of Arkansas 
(chickens) (Bottje et al., 2002; Iqbal et al., 1999; Iqbal et al., 2001; Iqbal et al., 2004; Ojano-
Dirain et al., 2007), University of Missouri (cattle) (Kolath et al., 2006), Texas A&M 
University (cattle) (Lancaster et al., 2009; Lancaster et al., 2008), and the French National 
Institute for Agricultural Research (INRA) (pigs) (Gilbert et al., 2012; Lefaucheur et al., 2011). 
Residual Feed Intake 
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RFI is a measure of feed efficiency  that attempts to account for feed intake 
differences not related to growth rate and performance. After accounting for growth rate 
and performance, biological processes such as digestion, body composition, proton leak 
from the mitochondria, and protein turnover represent the differences in RFI (Figure 2). 
Physiological pathways that control the efficient conversion of nutrients from the diet into 
lean tissue and growth are complex, integrated, and poorly defined. In cattle selected for 
low or high RFI, some of these factors and pathways include animal activity (10%), feed 
digestibility (10%), heat increment (9%), body composition (5%), feed patterns (2%), and 
“other” (27%) (Richardson and Herd, 2004). The remaining 37% of variation is explained by 
tissue metabolism, protein turnover, and stress, including oxidative stress (Herd et al., 
2004). Metabolism, protein turnover, and stress are the least understood of the seven 
proposed processes contributing to variation in RFI (Herd et al., 2004). Data supporting the 
role of activity, feeding patterns (Young et al., 2011), feed digestibility (Harris et al., 2012), 
and body composition (Smith et al., 2011) exist in pigs genetically selected for RFI. 
 
 Molecular differences between lines genetically selected for RFI have also been 
reported in both cattle and pigs. These differences include an increase in calpastatin activity 
observed in gilts and steers genetically selected for low RFI (McDonagh et al., 2001; Smith et 
al., 2011). Calpastatin is an endogenous inhibitor of both μ and m calpain, a calcium 
activated protease. Calpain is thought to be responsible for a portion of in vivo protein 
turnover (Huang and Forsberg, 1998). An increase in calpastatin expression or activity could 
lower overall protein degradation and turnover, lowering the amount of energy used to 
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synthesize replacement protein (Cruzen et al., 2012; Goll et al., 1998; Huang and Forsberg, 
1998). If less dietary energy is being used to fuel protein turnover there should be an 
increase or repartitioning of nutrients toward gain. This shift toward protein accretion and 
away from degradation is observed in production scenarios such as the feeding of beta 
adrenergic agonists to cattle. Beta adrenergic agonists have been observed to increase the 
expression of calpastatin in muscle from beef cattle (Strydom et al., 2009). 
 
 Figure 2. Different processes that are thought to contribute to the biological variation in 
residual feed intake (Richardson and Herd, 2004) 
 
An important consideration with these molecular changes, is the quality of the final 
product, meat. The implications of selection for RFI on meat quality remains to be fully 
elucidated. Shifts in muscle fiber type to more glycolytic fibers in pigs genetically selected 
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for RFI have been reported (Lefaucheur et al., 2011). This shift towards more glycolytic 
fibers coupled with the observed increase in calpastatin may have implications on meat 
quality. Calpain is thought to be responsible for a majority of postmortem tenderization 
(Geesink et al., 2006; Koohmaraie and Geesink, 2006). The increase in calpastatin, coupled 
with the lower ultimate pH of the more glycolytic fibers may slow or inhibit postmortem 
protein degradation and thus development of tenderness. Transgenic overexpression 
calpastatin models in 8 week old mice have shown a decrease in postmortem protein 
degradation (Kent et al., 2004). 
 
Data collection and methods: 
Investigation into the molecular differences of mitochondria from high and low RFI 
animals requires the use of several laboratory techniques. These techniques include 
isolation of the mitochondria, determination of ROS production, and protein profile 
differences. Several methods are known for the isolation of mitochondria from tissue. After 
isolation, the generation of ROS can be determined providing data indicating changes in 
electron leakage from the electron transport chain. Any differences in electron leakage may 
be partially explained by a shift in the protein profile of mitochondria. 
 
Mitochondria Isolation 
Procedures for the isolation of mitochondria have been known for over 40 years. 
Most mitochondria isolation methods involve the use of differential centrifugation in a 
carbohydrate buffer to keep the mitochondria alive. Mitochondria are known to form 
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pellets during centrifugation around 6,000 to 8,000 x g. The earliest description of this 
method was in 1967 (Smith, 1967) using beef hearts. Another method includes the use of a 
Percol® density gradient, that provides a more enriched pellet than differential 
centrifugation alone, but also reduces the throughput of the system when large quantities 
of mitochondria are needed. Both differential centrifugation (Iqbal et al., 2004) and Percol® 
gradients (Glancy and Balaban, 2011) have been used recently to isolate mitochondria. If 
high purity enrichment of mitochondria is needed, the use of Percol® gradients are the best 
option. However, if both speed and large quantities of mitochondria are needed, 
differential centrifugation provides a more rapid yet consistent enrichment of 
mitochondria.  
 
Measurement of Reactive Oxygen Species 
Mitochondrial isolation is challenging and requires careful attention to detail. In 
addition, accurate measurement of the ROS can be difficult given the short half lives and 
the dynamic nature of ROS. One of the more stable ROS is hydrogen peroxide. Bass et al. 
(1983) first reported the measurement of hydrogen peroxide in a system using flow 
cytometry. Using the compound 2,7-dichloroflourescin diacetate (DCFH), this study was able 
to quantify the amount of hydrogen peroxide produced from leukocytes. DCFH undergoes a 
conformational shift in the presence of hydrogen peroxide and becomes fluorescent (Bass 
et al., 1983) and can be read in a fluorometer at an emission wavelength of 510-550 nm. 
Prior to the use of DCFH to measure hydrogen peroxide in leukocytes, DCFH was 
demonstrated to detect hydrogen peroxide in aqueous solutions (Brandt and Keston, 1965; 
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Keston and Brandt, 1965). Other potential methods of hydrogen peroxide detection are 
outlined in Table 1 (Halliwell and Gutteridge, 2007). There are many other methods for 
determining hydrogen peroxide production from whole cells and organelles such as 
horseradish peroxidase and hydrogen peroxide electrode. 
Table 1. Selected methods for determination of hydrogen peroxide production in 
biological systems. Modified from Table 5.8 in Free Radicals in Biology and Medicine 
pages 297-299 (Halliwell and Gutteridge, 2007). 
Method Principle Example Systems 
Horseradish Peroxidase plus 
substrates 
Use of fluorescent substrates 
that oxidize in the presence 
of hydrogen peroxide. 
Fluorescence decreases with 
exposure to hydrogen 
peroxide. Examples include 
Amplex Red, Scopoletin, and 
homovanillic acid. 
Animal and plant 
mitochondria 
Cytochrome c peroxidase Upon contact with hydrogen 
peroxide a complex that 
absorbs at 419 nm is 
produced versus a free form 
that absorbs at 407 nm 
Animal and plant 
mitochondria 
Dicholorofluorescin diacetate 
(DCFH) 
Contact with hydrogen 
peroxide causes DCFH to 
become fluorescent at 510-
550 nm. 
Widely used but reacts with 
cells slowly. 
Hydrogen Peroxide electrode Use of coated 
microelectrode.  
Not very sensitive, only 
detects micromolar amounts 
of hydrogen peroxide. 
 
Since DCFH only detects hydrogen peroxide, it is important to consider the 
consequences of its use to determine ROS production from the mitochondria. The 
metabolic machinery protecting the mitochondria from excessive ROS damage can be used 
to help with the measurement of ROS production from the mitochondria if DCFH is used as 
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the detection medium. Electron transport produces mostly superoxide anions which are 
then converted to hydrogen peroxide via the enzyme superoxide dismutase. 
 
Adding exogenous superoxide dismutase to the system ensures all the superoxide 
anions are converted to hydrogen peroxide. Total hydrogen peroxide can then be detected 
through the use of DCFH. This has been shown to be true in a previously published report by 
demonstrating a 10%  increase in arbitrary fluorescent units over 110 minutes with the 
addition of 20 units of superoxide dismutase to the system (Iqbal et al., 2001).  
 
Another potential concern when measuring hydrogen peroxide from two divergent 
lines of animals is the potential of extraction method impacting the enrichment of the 
mitochondrial fractions differently. This could be due to changes in mitochondria number 
within the same tissue across lines. Consistent use of the extraction technique and 
balancing by protein concentration in the mitochondrial enriched fraction mitigates these 
concerns. Extraction data indicate that there were no differences in line based on extraction 
method (Figure 3). Previously published (Bottje et al., 2002; Grubbs et al., 2012; Iqbal et al., 
2001; Iqbal et al., 2004) and unpublished (Grubbs, unpublished) reports demonstrated that 
the use of differential centrifugation to isolate mitochondria and the use of DCFH to 
determine hydrogen peroxide production are robust methods that can be used in the 
context of these studies.  
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Figure 3. Mitochondrial yield from individual tissues, measured in mg of mitochondria per 
g of tissue used in the extraction. Tissue was homogenized in a carbohydrate buffer at pH 
7.0 and centrifuged twice at 600 x g keeping the supernatant, and three times at 7,750 x g 
retaining the pellet. Longissimus dorsi (LD), liver, red portion of the semitendinosus, and 
the white portion of the semitendinosus (STR and STW respectively). No differences 
between lines in extractable mitochondrial protein (P > 0.15). (Grubbs, unpublished) 
 
 
 
Protein Profile 
Direct measurement of mitochondrial ROS only provides data relating to the 
differences between two groups, not why or how the groups are different. Through the use 
of proteomics the molecular differences between these genetic lines can be elucidated. 
Proteomics data provides insight into the dynamic nature of biological systems. There are 
two main approaches for proteomics, “bottom up” and “top down,” both of which have 
advantages and disadvantages. Proteins and peptides in bottom up proteomics are first 
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subjected to proteolytic digestion, then individual peptide mass is determined via mass 
spectroscopy (MS). Weights of individual peptides coupled with database searches of 
known protein sequences and enzyme cleavage locations are then used to establish a 
protein identity. Top down proteomic approaches do not include an initial digest with an 
enzyme, rather an entire protein or peptide from a highly fractionated sample is sent 
through two runs or tandem MS (MS/MS). This tandem run of MS provides the sequence of 
whole peptides or proteins and details as to any posttranslational modifications on 
individual amino acid residues (Siuti and Kelleher, 2007).  
 
Bottom up proteomics is a more established technology and a variation was utilized 
for the studies included in this dissertation. Variations of bottom up proteomic approaches 
include protein labeling (examples include iTraq® and SILAC) along with gel based and gel 
free approaches (Fractionation and 1D and 2D SDS-PAGE approaches) (Baggerman et al., 
2005; Lambert et al., 2005). Off gel approaches, such as iTraq®, provide results focused on 
overall expression of a protein between treatments. iTraq® utilizes protein fractionation 
and isobaric tags to label the individual samples (up to 8) (Wu et al., 2006) which can then 
be digested and analyzed using traditional bottom up approaches allowing for the 
quantification of a protein from a sample. There are both advantages and disadvantages of 
using iTraq®, one of the biggest advantages of iTraq® is the ability to discern differences in 
protein expression in complex samples or fractions across up to 8 samples (Elliott et al., 
2009; Wu et al., 2006). However, iTraq® lacks the ability to establish abundance differences  
in proteins with posttranslational modifications (PTM). Proteins with PTM, such as 
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phosphorylations, will be reported as a single protein or peptide in iTraq® experiments 
(Elliott et al., 2009).   
 
A gel based technique similar to iTraq® is 2D Difference In Gel Electrophoresis (2D-
DIGE) and was utilized for the studies in this dissertation. The 2D DIGE approach uses 
fluorescent CyDyes to label protein fractions prior to 2D SDS-PAGE and allows for the 
comparison of 2 individual samples on a single 2D SDS-PAGE gel (Figure 4)(Marouga et al., 
2005; Unlu et al., 1997). After the 2D DIGE comparison, unlabeled samples can then be run 
on an SDS-PAGE gel and individual spots can be identified using a bottom up approach. This 
allows for the identification of individual protein or peptide spots. The advantage to using 
2D DIGE is it provides the ability to select individual proteins or peptide spots for 
identification. The direct selection of a chain of spots allows for the potential 
characterization of any PTM of a protein. This direct selection of protein or peptide spots is 
also a disadvantage. By selecting a single spot for identification other isoforms of a protein 
may not be identified, potentially affecting the implications of the data. 
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Figure 4. 2D-Difference in Gel electrophoresis is a powerful technique that allows for the 
identification of individual peptides or proteins between two treatments (Marouga et al., 
2005). An example of a single gel from 2D-Difference in Gel Electrophoresis (2D DIGE). 
Two samples in addition to a pooled standard are labeled with a single CyDye (2,3, or 5). 
The samples are then combined and run on a 2D SDS-PAGE gel yielding an image similar 
to the one seen below of mitochondrial protein. The image is they analyzed via DeCyder 
software and individual protein spots are identified as being different or similar between 
treatments. 
 
 
Adapted from (Westermeier and Scheibe, 2008) 
   
Biological Efficiency and Reactive Oxygen Species: 
With the definition and methods to measure biological efficiency established, it is 
important to consider factors that potentially impact biological efficiency. External factors 
like environmental stress should be considered, but differences in biological efficiency still 
remain, leading to the question of how in vivo factors impact biological efficiency. These in 
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vivo factors can include ROS production (electron transport), metabolic capacity, and 
metabolic expenditures for mitochondria, such as apoptosis, protein synthesis and 
degradation. 
 
External factors contribute to a majority of the differences in efficiency between 
animals in differing locations and environments. External factors, while important, can 
affect all animals regardless of potential biological efficiency. For example, in the past 
several years a large focus has been on the effect of heat stress on production. Heat stress 
every year represents a 1.8 to 2.4 billion dollar loss to the livestock industry (St-Pierre et al., 
2003). Heat stress is also a condition useful in identifying how animals that are more 
biologically efficient cope with external stressors. Protective mechanisms for heat stress 
include the regulation of metabolic pathways, cell death, and up regulation of heat shock 
proteins and other cellular rescue proteins. These same in vivo factors affecting heat stress 
response may well play a role in biological efficiency.  
 
Most energy in the body is eventually consumed by the mitochondria to produce the 
metabolic currency, ATP. The mitochondria produce 90% of the ATP used in the body 
through electron transport. Electron transport produces a hydrogen proton gradient in the 
mitochondrial intermembrane space. This gradient is produced through the first four 
complexes of electron transport and is utilized by ATP synthase or complex V of electron 
transport to produce ATP from ADP (Yoshida et al., 2001). Complexes I and II (NADH 
dehydrogenase and succinate dehydrogenase, respectively) are electron acceptors for the 
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electron transport chain. Complex I accepts two electrons from NADH and complex II 
accepts electrons from FADH2 donors such as succinate. Electrons in complex I are accepted 
by a flavin mononucleotide and passed through an iron-sulfur center to coenzyme Q. In 
complex II, electrons are passed through an electron transferring flavoproteins to coenzyme 
Q. Coenzyme Q then transports the electrons either from complex I or II to Complex III. The 
active component of Complex III is cytochrome b, a protein with a bound heme ring, which 
can accept electrons from coenzyme Q. As electrons are accepted the iron in the heme ring 
changes in oxidation state from Fe3+ to Fe2+. The heme centers can then be reoxidized into 
Fe3+ by transferring electrons to Complex IV. In complex IV the reduction of oxygen accepts 
four electrons producing water. The proton gradient produced with the transfer of electron 
between complexes is then utilized by ATP synthase. ATP synthase transports the protons 
back into the mitochondria matrix and produces ATP from ADP. 
 
Any inefficiencies in electron transport could leak to excess production of ROS. It is 
therefore prudent to fully elucidate how the mitochondria may impact biological efficiency. 
Investigation of mitochondria can focus on two key areas, ROS generation and protein 
profile changes. Both ROS generation and ATP production will have an impact on biological 
efficiency. With respect to electron transport, ROS in the form of superoxide anions are 
leaked from the mitochondria membrane into the intermembrane space (Figure 5). 
Superoxide anions are a very dynamic ROS. If they are not broken down by defense 
mechanisms, ROS can cause a perpetuation of ROS damage. Any ROS damaged proteins, 
cells, or DNA will need to be either repaired or replaced. 
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Figure 5. Electron transport and the generation of superoxide anions and the conversion 
to hydrogen peroxide. Hydrogen peroxide can then be measured via the DCFH assay. 
 
 
 
 
One of the earliest reports of ROS generation from the mitochondria was in pigeon 
heart muscle (Boveris and Chance, 1973). There is a basal or physiological amount of 
superoxide anions released from electron transport. However, excessive amounts can cause 
damage to the proteins and surrounding cells (Bottje and Carstens, 2009; Droge, 2002). To 
prevent excessive ROS from damaging the cell, the cell is equipped with antioxidant defense 
mechanisms that reduce the amount of ROS present. One example of these antioxidant 
defense mechanisms is the breakdown of superoxide anions into water and oxygen through  
superoxide dismutase and catalase. Additionally, it is important to locate the site of ROS 
production in the electron transport chain. The site specific production of ROS from the 
electron transport chain can be identified with the use of specific electron donors and 
chemical inhibitors. The electron donor for complex I is NADH and the donor for complex II 
is commonly succinate. Other electron donors that contribute to the electron transport 
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chain include fatty acids and malate. Common inhibitors of electron transport  include 
rotenone, 4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione, and antimycin A  which inhibit 
complexes I, II, and III, respectively. Providing isolated mitochondria with combinations of 
electron donors and inhibitors provides complex specific location of electron leakage and 
therefore ROS production (Figure 5).  
 
Table 2: Electron transport chain inhibitors.  
 
Compound Action Description 
Rotenone Inhibition of complex I Inhibits the transfer of 
electrons from complex I to 
ubiquinone. In a laboratory 
setting rotenone is also 
used to prevent electron 
“back flow” from complex II 
when ROS from complex II 
is measured  
4,4,4-trifluoro-1-[2-thienyl]-
1,3-butanedione (TTFA) 
Inhibition of complex II Like rotenone, TTFA blocks 
the transfer of electrons 
from complex II to 
ubiquinone.  
Antimycin A Inhibition of complex III Blocks the binding site of 
cytochrome b cycle of 
Complex III. This inhibition 
produces a disruption in the 
proton gradient and 
increased the rate of ROS 
generation. 
Adapted from (Miwa et al., 2003; Ojano-Dirain et al., 2007) 
  
The first report of ROS being measured in livestock species in relation to feed 
efficiency was in 2002 (Bottje et al., 2002). Since that time, numerous studies in chickens 
(Bottje et al., 2002; Iqbal et al., 2004; Ojano-Dirain et al., 2007), one in beef cattle (Kolath et 
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al., 2006), and studies summarized in this dissertation (pigs) have investigated the amount 
of ROS production from the mitochondria originating from high and low feed efficiency 
animals. The original poultry studies were a continuation of a line of research from a group 
led by Walter Bottje at the University of Arkansas. Their early experiments focused on ROS 
production in chickens with pulmonary hypertension syndrome (Iqbal et al., 1999; Iqbal et 
al., 2001).  
  
 Through a series of papers and reviews the group from the University of Arkansas 
demonstrated that the least efficient birds in a population, when compared to their 
contemporaries had greater ROS generation by measuring hydrogen peroxide production 
from mitochondria (Figure 6) (Bottje et al., 2002; Bottje et al., 2006; Bottje and Carstens, 
2009; Iqbal et al., 2004; Tinsley et al., 2010). This increase in ROS production observed in 
low feed efficiency birds indicates animals with low feed efficiency may be less biologically 
efficient than high feed efficiency animals. It must be noted that three types of tissue were 
used in these studies, providing a general idea as to the overall ROS production in the birds. 
 
In these studies from the University of Arkansas the tissues examined in poultry include 
liver, intestinal, and muscle tissue. These three types of tissues all have distinct roles in 
physiology as well as important biological and economic roles in poultry production. The 
liver is the site of a large portion of metabolic processes such as detoxification, protein 
synthesis, and glycogen storage. Intestinal tissue is the site for digestion and nutrient 
absorption. In pigs a difference in nutrient absorption was observed between genetically 
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selected RFI lines (Harris et al., 2012), indicating potential differences in intestinal 
physiology. These pigs were from the seventh generation of the Iowa State University RFI 
selection project exhibited an increase in digestibility of dry matter (87.3 vs 85.9%), nitrogen 
(88.3 vs 86.1%), and gross energy (86.9 vs 85.4) (low RFI vs high RFI respectively in all cases) 
(Harris et al., 2012). 
Figure 6. Hydrogen peroxide production in high and low feed efficiency broilers. Modified 
from Figure 2 Bottje et al. (2006).  
 
* P < 0.05 
Values represent a percentage of hydrogen peroxide production from high feed efficiency 
mitochondria. 
Glut = Glutamate was used as an energy source for Complex I, Succ = Succinate was used as 
an energy source for Complex II, Mal = Malate was used as an energy source for Complex I 
 
 
In addition to the studies that have quantified ROS production from the liver and 
intestinal mitochondria, other studies have been conducted on ROS production from muscle 
mitochondria. ROS production from muscle mitochondria may be the most important with 
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regards to economic impact. Given the end product of most livestock production is the 
production of meat, ROS can not only impact efficiency of muscle growth but also could 
impact meat quality. No existing studies directly tie ROS in vivo to meat quality. Future 
studies should be conducted to determine the impact of ROS produced in vivo and their 
impact on meat quality. 
 
 An increase in electron leakage, caused by an increase in mitochondria membrane 
permeability leads to greater ROS production. Mitochondria isolated from muscle have 
been observed to be complex specific within the electron transport chain. This 
determination can be accomplished through the use of different energy substrates and 
electron transport chain complex inhibitors. High feed efficiency broilers did not have an 
increase in ROS generation when electron transport was inhibited by rotenone and 
antimycin A (Complex I and III inhibitors, respectively) when compared to low feed 
efficiency counterparts (Bottje et al., 2002).  
 
Biological Efficiency and Protein Profile:  
These data indicate ROS production, specifically from complexes I and III could play a 
role in both feed and biological efficiency. Mitochondria that have increased ROS 
production will rely on cellular mechanisms responsible for ROS breakdown compared to 
mitochondria with less ROS production. In addition, animals with increased ROS generation 
will have a higher percentage of metabolic energy consumed by cellular repair and 
replacement mechanisms. 
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 ROS production is generally increased in mitochondria from the less efficient 
animals. It therefore is reasonable to determine how mitochondria may differ between 
animals with high and low feed efficiency or RFI. Protein profile of the mitochondria stands 
to provide the greatest clue to the differences observed, due in part to protein structure 
defining function and phenotype. Since the mitochondria could be considered a 
metabolically “heavy” organelle, the best place to start in the search for differences is in the 
TCA Cycle and electron transport. Both of these pathways are responsible for ATP 
production. Changes in TCA cycle enzymes such as aconitase, and the dehydrogenases 
(glutamate, aldehyde, and malate), stand to impact the amount of electron carriers, like 
NADH, that are shuttled to the electron transport chain. In the electron transport chain 
differences in proteins such as ATP synthase (multiple sub-units) or sub-units of individual 
complexes may represent the capacity or ability of a particular tissue to produce ATP. In 
addition to the metabolically related proteins, other peripheral proteins such as the heat 
shock proteins (60 and 70 kDa) may influence the changes in feed efficiency observed 
between high and low RFI animals.   
 
 Results of experiments with chicken hearts show that proteins from the complexes 
of the electron transport chain are increased in abundance in low feed efficiency birds 
(Iqbal et al., 2004; Ojano-Dirain et al., 2005; Tinsley et al., 2010).  Currently the only protein 
expression data that exist comparing the mitochondria from high and low feed efficient 
animals has been done using a Western Blotting technique (Ojano-Dirain et al., 2005). This 
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limits the number of potential proteins that can be identified as being different to only 
proteins of interest. With the use of 2D-DIGE and electrospray ion mass spectroscopy, other 
potentially important proteins can be identified as being different between these two 
groups and provide a better understanding of the observed differences. 
 
Dehydrogenases impacting mitochondria function 
Dehydrogenases are responsible for the oxidation of a substrate and play an 
important role in metabolism. Some of the dehydrogenases that could be important to 
biological efficiency are involved in the TCA cycle as well as general dehydrogneases that 
are present in various locations throughout cells.  Some examples of potential 
dehydrogenases that could impact biological efficiency are malate, glutamate, and lactate 
dehydrogenase.  
 
Malate dehydrogenase is part of the TCA Cycle that is responsible for the conversion 
of malate to oxaloacetate. NAD+ is reduced to NADH in this reaction. NADH can then be 
oxidized by complex I of the electron transport chain back into NAD+. It is the oxidation of 
NADH to NAD+ by NADH dehydrogenase that powers the proton gradient in electron 
transport for the production of ATP from ADP. Malate dehydrogenase is comprised of two 
identical subunits that are approximately 330 amino acids residues in length (Birktoft et al., 
1989). Malate dehydrogenase is regulated by either the substrate malate or product 
oxaloacetate (Mullinax et al., 1982). Like malate dehydrogenase, glutamate dehydrogenase 
also reduces NAD+ to NADH during the conversion of glutamate to α-ketoglutarate. An 
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increase in malate and glutamate dehydrogenase expression could indicate an increase in 
the capacity to produce energy substrates available for electron transport and thus ATP 
production. The same can be said in the case of lactate dehydrogenase, which is similar in 
structure to malate dehydrogenase and  responsible for the reversible conversion of lactate 
to pyruvate in glycolysis.  
 
 In addition to the dehydrogenases there are other metabolic enzymes located in the 
TCA cycle that could impact biological efficiency such as aconitate hydratase and citrate 
synthase. Other enzymes that may play an interesting role in the TCA Cycle and biological 
efficiency include aconitate hydratase (or aconitase) and citrate synthase. These enzymes 
are not responsible for production of a direct energy source for electron transport.  
However, they are the first two enzymes of the TCA Cycle. Citrate synthase is responsible 
for the conversion of acetyl CoA to citrate. It is the first enzyme in the TCA Cycle. As acetyl 
CoA from glycolysis and beta-oxidation it is utilized in the TCA Cycle. Citrate is then 
converted to isocitrate by aconitase. If more efficient animals have a greater abundance of 
these enzymes it may indicate there is an increased capacity of the cell – and thus the tissue 
and animal - to more readily and efficiently convert energy from the diet into metabolic 
energy, in the form of ATP.  
 
ATP synthase 
 In addition to the TCA cycle, proteins and enzymes in the electron transport chain 
may also be impacted with regard to biological efficiency . ATP synthase, also known as 
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Complex V, is the final step in the electron transport chain and is responsible for the 
production of ATP from ADP. The H+ gradient created during electron transport is used to 
add a high energy phosphate to ADP to form ATP. The entire ATP synthase complex is 
comprised of two major portions and each portion is comprised of several sub-units. The F0 
portion of ATP synthase is located in the inner mitochondrial membrane and comprised of 
three subunits (A, B, and C) (Boyer, 1997). The F1 portion of ATP synthase is the stalk and 
knob that extends into the inner mitochondrial matrix and contains the cellular machinery 
to produce ATP from ADP. The F1 Stalk is comprised of five subunits (α, β, γ, δ, and ε) (Boyer, 
1997). 
 
 The most important sub-units of ATP synthase are those in the F1 stalk, mainly the α 
and β sub-units. These are the two primary subunits that are responsible for the conversion 
of ADP to ATP. In the F1 stalk there are three α sub-units and three β sub-units and the 
structure has been described to look like a rotating engine (Boyer, 1997; Yoshida et al., 
2001). The rotation of this “engine” was first observed in 1997 (Noji et al., 1997). The α sub-
unit of the F1 stalk is the non-catalytic nucleotide binding site while the β sub-unit is the 
location of the catalytic site and responsible for the conversion of ADP to ATP (Yoshida et 
al., 2001). 
 
 If more efficient animals have a greater expression of the α and β subunit of the F1 
stalk this could indicate there is an increased capacity for ATP production. An animal with 
the cellular machinery to produce more ATP in response to cellular or tissue stress would be 
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more biologically efficient than an animal that lacks the ability to produce more ATP when 
the need arises. Also if basal metabolic rate for protein deposition is considered, animals 
with a greater capacity for ATP production could potentially synthesize protein at a greater 
rate than less efficient animals.  
 
Cellular Rescue or Heat Shock Proteins 
 Heat shock proteins are important in cellular energy usage and conservation. 
Originally, heat shock proteins were found to be expressed only when an animal or 
organism was under heat stress (Lindquist and Craig, 1988). However, further studies have 
shown heat shock proteins have a broad functionality. As an example the expression of heat 
shock proteins is modulated with an increase or decrease in oxidative stress within a cell 
(Polla et al., 1996). Heat shock proteins are some of the most highly conserved systems 
across all of biology (Lindquist and Craig, 1988). A few of the major heat shock protein 
families include the 10kDa, the 60 kDa, the 70 kDa, and the 90 kDa families. Both the 60 and 
70 kDa families have mitochondrial specific isoforms that are known to regulate mitophagy 
and apoptosis. Heat shock proteins could also be collectively referred to as cellular rescue 
proteins, since they have also be observed to be molecular chaperones (Hartl, 1996) and 
responsible for protein folding in some cases. Beere (2004) makes the statement “Heat 
shock proteins are a family of highly homologous chaperone proteins that are induced in 
response to environmental, physical, and chemical stresses and that limit the consequences 
of damage and facilitate cellular recovery.” In the context of this review, chemical stresses 
(ROS production) play the largest role in the activation of the heat shock proteins. 
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Heat shock proteins are generally considered to be chaperones that protect the cell 
from stress, assist protein folding, and other cellular tasks (Bukau and Horwich, 1998; Cheng 
et al., 1989; Hendrick and Hartl, 1993; Kiang and Tsokos, 1998; Martindale and Holbrook, 
2002). The two most important heat shock proteins with respect to biological efficiency and 
the mitochondria are the 60 and 70 kDa families. The heat shock protein 70 family is one of 
the best characterized heat shock proteins. The main function of heat shock protein 70 is to 
modulate apoptosis. 
 
Cellular death or apoptosis is a metabolically expensive process. Most cellular repair 
and degradation pathways require ATP to fully function. These pathways include protein 
synthesis, protein degradation, as well as protein folding. One protein degradation pathway 
linked with apoptosis is the ubiquitination pathway, which is responsible for tagging 
proteins for breakdown. The degradation of these tagged proteins occurs in the ATP 
dependent 26s proteasome (Coux et al., 1996; Reinheckel et al., 2000). Efficient biological 
control of apoptosis is important with respect to biological efficiency. Lack of control or an 
increase in apoptosis would increase ATP usage. In the case of the proteasome, ATP is 
utilized both through the 26s proteasome and in the synthesis of new proteins and cells to 
replace the degraded proteins. In respect to ATP turnover, protein synthesis accounts for 
18-26% of total turnover(Hand and Hardewig, 1996). By reducing the portion of ATP 
turnover associated with replacing degraded proteins it is possible to increase growth 
efficiency. 
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Heat shock protein 70 has been shown to interfere with cytochrome c/dATP-
mediated caspase activation (Beere et al., 2000). Caspase activation by cytochrome C is 
important in relation to the mitochondria in times of increased cellular stress. Upon cellular 
stress (oxidative conditions), cytochrome c is released from the mitochondria  and 
contributes to the activation of caspases that initiate apoptosis. Oxidative damage of 
proteins is also frequently associated with an increase in the heat shock proteins 
(Martindale and Holbrook, 2002). A lower abundance of heat shock protein 70 decreases 
the ability of a cell to protect itself from oxidative damage. 
 
Heat shock protein 60 also has been shown to have an antiapoptotic effect 
(Kirchhoff et al., 2002) similar to heat shock protein 70 (Jolly and Morimoto, 2000; Li et al., 
1996). A 50% reduction in heat shock protein 60 in cardiac myocytes was shown to increase 
the release of cytochrome c from the mitochondria, leading to caspase-3 activation and an 
increase in apoptosis during oxidative stress (Kirchhoff et al., 2002).   
 
An additional consideration in the discussion of heat shock proteins is the location of 
the protein. The location of heat shock protein 60, also known as chaperonin, indicates the 
role it may have. Between 80 and 85% of heat shock protein 60 is located within the 
mitochondrial matrix, and the remaining portion located with close proximity to the 
mitochondria (Soltys and Gupta, 1996). When heat shock protein 60 is located within the 
mitochondrial matrix, it is most likely responsible for protein folding (Bukau and Horwich, 
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1998). Conversely, if heat shock protein 60 is located in the cytoplasm the general function 
is the activation of caspase 3 from pro-caspase 3 (Samali et al., 1999). This activation of 
caspases is known to play a role in cellular apoptosis.  
 
Other Proteins Impacting Mitochondrial Efficiency 
Other proteins not directly related to metabolic pathways or the found in the 
mitochondria may also impact mitochondrial efficiency. Two of these non-metabolic 
proteins include desmin and endoplasmic reticulum oxidase-1 α (ERO1α). Desmin is an 
intermediate filament protein found in muscle cells (Au, 2004). ERO1α is a protein found in 
the endoplasmic reticulum membrane and has been shown to respond to oxidative stress 
by modulating membrane permeability of the mitochondrial/endoplasmic reticulum 
membrane (Goerlach et al., 2006; Santos et al., 2009; Sevier and Kaiser, 2008)  
 
Desmin is a muscle structural protein and not directly related to mitochondrial 
function. However, desmin has been linked to the distribution of mitochondria within 
skeletal muscle cell due to mitochondrial interactions with the intermediate filaments 
(Capetanaki, 2002; Carmo-Fonseca and David-Ferreira, 1990; Milner et al., 2000). The 
distribution of mitochondria within a muscle cell may indicate respiratory function (Milner 
et al., 2000). An increase in the abundance of desmin could lead to a more even distribution 
of mitochondria throughout the muscle cell. This even distribution may have a positive 
impact on mitochondrial growth and replication through a more even oxygen supply from 
the blood for respiration.   
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This even distribution of the blood supply and mitochondria may reduce oxidative 
stress through more efficient utilization of oxygen. An increase in oxidative stress has been 
observed in less efficient animals (Bottje and Carstens, 2009). This increase in oxidative 
stress could lead to an increase in ERO1α. ERO1α  has been shown to be up regulated under 
stress conditions leading to an increase in apoptosis through inositol 1,4,5-triphosphate 
receptor activity (Li et al., 2009) and/or the unfolded protein response (Laurindo et al., 
2012). Additionally, ERO1α has been shown to respond to oxidative stress by modulating 
membrane permeability of the mitochondrial/ endoplasmic reticulum membrane (Goerlach 
et al., 2006; Santos et al., 2009; Sevier and Kaiser, 2008). A decrease in ERO1α may indicate 
ROS production, from oxidative stress, is lower in more efficient animals. Conversely an 
increase in ERO1α will modulate membrane permeability allowing ROS into the 
mitochondria where they can be handled by antioxidant defenses such as superoxide 
dismutase.  
 
Conclusion: 
 When considering the potential differences in biological efficiency it is important not 
to be narrow in focus. While this review highlights many of the potential changes that relate 
to ROS production and mitochondrial protein profile, other biological differences do exist 
between animals with high and low feed efficiency. ROS production and the protein profile 
of the mitochondria stand to provide some explanation as to the molecular reason behind 
these observed differences in feed efficiencies. 
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Highlights: 
 Mitochondrial protein profile indicates less oxidative stress in low RFI pigs 
 Potential shift in cellular metabolism seen when selecting for RFI 
 Heat shock proteins 60 and 70 are positively associated with RFI selection 
 
Keywords: 2D-DIGE, mitochondria, residual feed intake, oxidative stress, metabolism 
 
Abstract 
Residual feed intake (RFI) is a production efficiency measurement used to account for 
average daily gain and backfat of an animal. Less efficient animals have greater levels of 
oxidative stress. A major source of in vivo oxidative stress is the mitochondria. In this study 
the protein profile of mitochondria was investigated to determine differences between pigs 
genetically selected for high and low RFI (less and more efficient, respectively). 
Mitochondria were isolated from the red and white portions of the semitendinosus muscle 
(STR and STW respectively), from the longissimus dorsi (LD) muscle, and the liver from pigs 
(n = 24, 12 per line) genetically selected for low or high RFI. Mitochondrial protein 
differences between lines were determined using 2-D DIGE, and spots were identified using 
electrospray ionization mass spectroscopy. Heat shock protein (HSP) 60 and HSP70, which 
have been linked to anti-apoptotic pathways in the mitochondria, were increased in the low 
RFI line. Endoplasmic reticulum oxidase-1 α (ERO1α) was decreased in LD mitochondria 
from the low RFI line.  The protein profile of mitochondria from the more efficient pigs 
48 
 
 
indicates an increase in anti-oxidant defenses and potential modifications of metabolic 
pathways leading to oxidative stress, metabolism, and cellular repair. 
 
1. Introduction                                                                                                                                                                                                                                                                                                                                                                                        
Conservation of natural resources continues to become more important as the world 
population approaches 9 billion in 2050 [1]. Meat from livestock production provides us 
with an excellent source of dietary nutrients including protein, B-Vitamins, and other 
micronutrients [2-3]. The feeding or growing phase of meat production accounts for the 
largest use of natural resources in pork production. Understanding the efficiencies with 
which livestock utilize energy and nutrients for lean tissue accretion is important for 
sustainable and profitable meat production. In an attempt to understand feed efficiency in 
livestock, we have been utilizing a unique line of Yorkshire pigs divergently selected for 
residual feed intake (RFI) or feed efficiency. RFI is a measure of production efficiency that is 
calculated by determining the difference between an individual animal’s observed feed 
intake and expected feed intake for a given rate of growth  [4-5]. Animals with a low RFI eat 
less than expected while maintaining a similar average daily gain compared to high RFI pigs. 
Therefore, low RFI pigs are more feed efficient than their high RFI counterparts. By selecting 
for low RFI, the efficiency of swine operations can be improved [4, 6].   
 
Feed efficiency differences in swine and other livestock species are most likely the result of 
differences in animal activity, feed digestibility, protein turnover, and cellular processes like 
protein turnover and maintenance [7-8]. One important organelle that may contribute to 
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these factors and thus feed efficiency is the mitochondria. Mitochondria are responsible for 
90% of ATP production in the body. Consequently, modification of mitochondrial 
functionality has the potential to influence dietary energy utilization and oxidative stress. 
Mitochondrial oxidative stress can be brought about by electron leakage which leads to the 
production of ROS [9-10] and may play a role in the expression of phenotypic feed 
efficiency[11].  
 
Excessive ROS (due to the loss of regulatory mechanisms), divert dietary energy from 
growth towards cellular repair and/or autophagy mechanisms. Antioxidant regulatory 
mechanisms (such as catalase that work in conjunction with superoxide dismutase to 
breakdown superoxide anions) are keys to maintaining cellular oxidative homeostasis. An 
excessive amount of ROS or an inadequate amount of antioxidants leads to cellular damage 
[12]. Proteins damaged by oxidation are often targeted to the ubiquitination pathway and 
then the proteasome [13-14] that requires ATP.  Thus, degradation of proteins is a 
metabolically expensive process and may reflect differences in feed efficiency. 
 
The objective of this project was to evaluate the consequences of divergent selection for RFI 
on protein profile of mitochondria from muscle and liver in pigs. Additionally, we aimed to 
identify key proteins with roles that directly or indirectly influence energy utilization in the 
muscle and liver that may explain the feed efficiency divergences between our low and high 
RFI pig lines.   
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Two-dimensional DIGE and MALDI-TOF mass spectroscopy were used to examine the 
differences in protein profile of mitochondria from animals within the low and high RFI 
lines. We identified proteins ERO1α and cytochrome P450 4A11 that may indicate subtle 
differences in mitochondrial protein profile between the low and high RFI lines. Low RFI 
animals may be able to handle an increase in oxidative stress as well as have an increased 
metabolic capacity related to ATP production. Increases in metabolic capacity could occur 
through TCA cycle enzymes identified like glutamate dehydrogenase. Alteration in protein 
profile may impact mitochondria function and ultimately energy utilization and retention in 
pigs. 
 
2. Materials and Methods 
2.1. Animals 
All animals were treated in accordance with the Iowa State University Animal Care and Use 
Committee (1-10-6862-S). Twelve pigs from the high RFI and 12 from the low RFI line were 
selected from a group of 200 (n = 100 high RFI line, n = 100 low RFI line) from parity 2 of the 
7th generation of the ISU RFI selection project, matched by age and live weight (62±3 kg 
BW) were used in this experiment. Selection for the low RFI line has occurred over all 7 
generations while the high RFI line was a randomly selected control line prior to generations 
6. All pigs were fed a standard corn-soybean-dried distillers grain solubles diet that met or 
exceeded nutrient and energy requirements for their size [15].  Further details of the 
experimental design, diets and pig performance data have been reported [16]. 
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2.2. Tissue Collection and Mitochondrial Isolation 
All pigs were euthanized at the end of the experimental period in pairs (n = 1 per line) over 
12 days. A section of the longissimus dorsi (LD) from the lumbar region, a portion of the 
liver, and the entire semitendinosus (ST) muscle were collected and placed on ice for 
transport back to the laboratory (1 hour postmortem). Liver was first washed in PBS to 
ensure blood removal. The ST muscle was divided into red and white portions (STR and STW 
respectively).  
 
Mitochondria were isolated via differential centrifugation as previously described [17-18] 
with modifications. Briefly, 100 g of each tissue were homogenized in at least 5 volumes of 
Buffer A (220 mM Mannitol, 70 mM Sucrose, 2 mM HEPES, 1 mM EGTA and 0.5 mg/mL fatty 
acid free BSA, pH 7.4). The slurry was clarified and the pellet reserved (twice at 600 x g for 
10 minutes). The supernatant was strained through cheesecloth after each centrifugation. 
The mitochondrial pellets were formed by centrifuging at 7,750 x g for 20 minutes, the 
supernatant was decanted, and pellets were washed three times with Buffer B (220 mM 
Mannitol, 70 mM Sucrose, 2 mM HEPES, and 0.5 mg/mL fatty acid free BSA, pH 7.0). 
 
Washed mitochondria were suspended in 2-3 mls of Buffer B. A modified Lowry protein 
assay [19] was performed to determine protein concentration (BioRad Laboratories, 
Hercules, CA). Mitochondria were placed into 2 mg aliquots, frozen in liquid nitrogen, and 
stored at -80 °C until use. Differential centrifugation with a mannitol buffer is known to 
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produce an enriched mitochondrial fraction that demonstrates high functionality [11, 17, 
20-21]. 
 
2.3. Protein Solubilization 
Mitochondrial aliquots were thawed and centrifuged to pellet the mitochondria. The 
supernatant was discarded and 200 μL of the extraction buffer was added to the pellet (8.3 
M urea, 2 M thiourea, 2% CHAPS, and 1% DTT at pH 8.5). The crude mitochondrial pellet 
with extraction buffer was then shaken vigorously for 30 minutes at 4 °C. Samples were 
centrifuged at 10,000 x g for 30 minutes. The supernatant was then reserved and the 
protein concentrations were determined using a 2D Quant assay (GE Healthcare, 
Piscataway, NJ). The samples were adjusted to a final protein concentration of 3.5 mg/ml 
using Buffer B. 
 
2.4. 2-D DIGE 
Two-dimensional DIGE was used to determine differences in protein profile of high and low 
RFI animals within each muscle or tissue. Procedures outlined previously [22-23] were 
followed, with minor modifications. For each tissue a pooled sample was created from 
equal amount from all samples for a particular tissue or muscle. This standard was also used 
for protein identification gels. 
 
A total of 50 μg of each individual sample was labeled with CyDyes 3 or 5 (GE Healthcare, 
Piscataway, NJ) according to the manufacturer’s directions. CyDyes were alternated 
53 
 
 
between low and high RFI pigs. CyDye 2 was used to label the pooled standard sample. For 
each individual run, 15 μg of labeled protein (CyDye 3 or 5) from a high and low RFI sample 
were used in addition to the pooled standard (CyDye 2) for a total of 45 µg of protein per 
gel.  
 
DeStreak Rehydration Solution (GE Healthcare, Piscataway, NJ) with 2.5 mM DTT was added 
to the protein mixture to the volume specified by strip manufacturer (200 μL). The protein 
mixture was added to individual wells in a reswelling tray and an immobilized pH gradient 
(IPG) strips  (11 cm pH 3-10) (GE Healthcare, Piscataway, NJ) was placed on top of the 
mixture and allowed to rehydrate overnight at room temperature in a humidified chamber. 
Isoelectric focusing was performed on an Ettan IPGphor isoelectric focusing system (GE 
Healthcare, Piscataway, NJ) for a total of 11,500 V h. After isoelectric focusing, strips were 
equilibrated using two 15 min washes, first with equilibration buffer (50 mM Tris-HCl pH 
8.8, 6 M urea, 30% glycerol, 2% SDS, and trace amounts of bromophenol blue) with 65 mM 
DTT and second with equilibration buffer with 135 mM iodoacetamide. 
 
Equilibrated strips were loaded onto 12.5% SDS-PAGE gels (acrylamide: N,N’-bis-methylene 
acrylamide 100:1, 0.1% SDS, 0.05% TEMED, 0.05% ammonium persulfate, and 0.5 M Tris-
HCL, pH 8.8) using agarose as an overlay. The LD and liver samples were run on an Ettan 
DALT SIX system (GE Healthcare, Piscataway, NJ) using 24 cm gels placing two 11 cm strips 
on each gel. STR and STW samples were run on Hoefer SE 600 units (Hoefer Scientific 
Instruments, Holliston, MA) using one strip per 15 cm gel. Each gel was run in duplicate.  
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Gels were imaged using an Ettan DIGE Imager (GE Healthcare, Piscataway, NJ). Images were 
processed and analyzed using DeCyder 2D software version 6.5 (GE Healthcare, Piscataway, 
NJ). 
 
Spots identified as being different between RFI lines were selected for identification. 
Unlabeled pooled protein references from each tissue (500 μg) were resolved using 2DE and 
stained with Colloidal Coomassie Blue Stain (1.7% ammonium sulfate, 30% methanol, 3% 
phosphoric acid, and 0.1% Coomassie G-250) for a minimum of 24 hours prior to destaining 
in water for a minimum of 24 hours. Spots identified as different in the DeCyder analysis 
that were not prominent on the Colloidal Coomassie stained gel were not selected for 
identification. To reduce potential for contamination all reagents and buffers used during 
the protein identification step were filtered (0.22 μm) prior to use. Additional prominent 
spots were sent for identification. 
 
2.5 Protein Identification 
Selected spots were excised and sent to the Iowa State University Protein Facility for 
identification. In-gel trypsin digest using Genomics Solution ProGest (Chelmsford, MA) was 
performed. Peptides were dissolved in CHCA (5 mg/ml in 50% CH3CN/0.1% TFA) and 
deposited to a MALDI target. MALDI Mass Spectrometry was performed using a QSTAR XL 
Quadrupole TOF mass spectrometer equipped with an oMALDI ion source (AB/MDS Sciex, 
Toronto, Canada). Peak list were generated by Analyst QS Version 1.1 (AB/MDS Sciex, 
Toronto, Canada). Spectra were processed by MASCOT database search Version 2.2.07 
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(MatrixScience, London, UK). Search conditions included maximum one missed cleavage, 
fixed modification (carboxyamidomethyl cysteine), variable modification (oxidation of 
methionine), peptide mass tolerance of ±100 ppm, and fragment mass tolerances of ± 1 Da. 
Identification was based on Mowse Score with a threshold of less than 0.05 (Supplementary 
Table 1). Additional digestions of Lys C and Asp N Endopeptidase were used if digestion and 
identification with trypsin was unsuccessful. Confirmation of ERO1 alpha was carried out 
using 2D western blotting technique described previously [24] after rehydrating and 
isoelectrically focusing proteins on a 7 cm pH 3-10 strip. A minimum of 3 peptides were 
required to confirm the identity of a protein and to be considered for discussion. Those that 
did not meet these criteria are listed in the tables but not discussed in the context of RFI 
unless confirmed by western blotting. 
 
3. Results 
As previously reported [16], the selection lines differed in average daily feed intake (2.6 vs. 
2.0 kg/d; P < 0.0001, High RFI vs. Low RFI, respectively), while maintaining similar average 
daily gain. Thus, gain:feed was 35% higher in the low RFI compared to the high RFI pigs (0.46 
vs. 0.34, respectively; P = 0.0003). Across all 24 animals (n = 12 per line), the calculated RFI 
index tended to be different between lines (P = 0.06) (Table 1). Less efficient, high RFI pigs 
consumed 0.02 kg ±0.07 kg of feed per day less than expected and the more efficient low 
RFI pigs consumed 0.21 ±0.07 kg of feed per day less than expected. 
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3.1. Liver 
A total of 607 spots were found in mitochondria isolated from the liver. Twenty-seven spots 
were found to be differentially expressed (P < 0.10) between high and low RFI lines (21 
increased in low RFI line, 6 increased in high RFI line). A total of 26 spots were selected for 
identification, of which 25 were identified (Figure 1; Table 2). Protein spots identified as 
being different included two heat shock proteins (Heat Shock Protein 60 and Heat Shock 
Protein 70), both of which were increased in the liver mitochondria from the more efficient 
low RFI line. In addition to the heat shock proteins, several mitochondrial dehydrogenases 
were identified including aldehyde, glutamate, and malate dehydrogenase. Aldehyde 
dehydrogenase protein expression was identified across four identified spots, potentially 
based on posttranslational modifications (PTM). All spots identified as both glutamate and 
malate dehydrogenases were more abundant in the more efficient low RFI pigs, irrespective 
of potential PTM. Potential PTM’s were not identified using ESI MS/MS.  
 
3.2. Semitendinosus, Red Portion 
A total of 423 spots were resolved from mitochondria of the STR. A total of 29 spots were 
found to be different between the low and high RFI (12 were found to be greater in the low 
RFI line and 17 were increased in high RFI )(P ≤ 0.10). Spots (Figure 2; Table 3) that were 
increased in the more efficient low RFI line correspond to ATP Synthase subunit α, aconitate 
hydratase, hydroacyl coenzyme A dehydrogenase, and dihydrolipoyl dehydrogenase. 
Muscle specific pyruvate kinase isozyme M1, glyceraldehyde 3 phosphate dehydrogenase, 
and fructose bisphosphate aldolase A were increased in the less efficient high RFI line.  
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3.3 Longissimus dorsi 
A total of 628 spots were found on gels from the mitochondrial fraction of the LD muscle. 
Sixteen spots were differentially expressed between the high and low RFI lines (P ≤ 0.10). Six 
spots were increased and 10 spots were decreased in the more efficient low RFI line. Of the 
proteins identified (Figure 3; Table 4), cytochrome P450 4A11, Endoplasmic reticulum 
oxidase-1 α  (ERO1-α), Heat Shock Protein 70, and lactate dehydrogenase were increased in 
the less efficient high RFI line. Confirmation of ERO1 alpha was carried out using a 2D 
western blotting technique (Figure 4).   
 
3.4 Semitendinosus, White Portion 
In mitochondrial protein isolated from the STW, a total of 365 spots were found. Twenty 
five protein spots were determined to be different between lines (P < 0.10).  Nine proteins 
were identified, of which pyruvate kinase isozyme M1, fructose bisphosphate 
dehydrogenase, and lactate dehydrogenase were all increased in the less efficient high RFI 
pigs (Figure 5, Table 5).  
 
4. Discussion 
 
Physiological pathways that dictate the efficient conversion of nutrients into lean tissue and 
growth are complex, integrated and poorly defined. In cattle selected for low or high RFI, 
some of these factors and pathways include animal activity (10%), feed digestibility (10%), 
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heat increment (9%), body composition (5%), feed patterns (2%), and “other” (27%) [25]. 
The remaining 37% of variation is explained by tissue metabolism, protein turnover, and 
stress, including oxidative stress [8]. Metabolism, protein turnover, and stress are the least 
understood of the seven proposed processes contributing to variation in RFI [8]. To 
characterize this variation, we used pigs that have been divergently selected for RFI as a 
model to study the physiology defining feed efficiency. Changes in the expression of 
proteins associated with the TCA cycle, electron transport, and oxidative stress were of 
particular interest. Increases in abundance of proteins associated with the TCA cycle and 
electron transport indicate a greater metabolic capacity for the conversion of dietary energy 
into ATP. Additionally, increases of proteins associated with oxidative stress may 
demonstrate how selection for RFI impacts the overall oxidative balance. For example in 
poultry, feed efficiency has been tied to both mitochondrial protein oxidation and electron 
leakage from the mitochondria [17, 20]. 
 
The potential for oxidative stress to impact protein profile can be seen in the mitochondria 
from the LD muscle. Two of the proteins identified as being different between lines include 
cytochrome P450 4A11 and endoplasmic reticulum oxidase-1 α  (ERO1α). Both spots were 
of greater abundance in mitochondria from the LD in the less efficient high RFI line. The 
function of cytochrome P450 4A11 is the oxidation of fatty acids [26]. Oxidation produces 
ROS leading to an increase in oxidative stress. An increase in oxidative stress could lead to 
the observed increase in ERO1α, which is up regulated under stress conditions leading to an 
increase in apoptosis through inositol 1,4,5-triphosphate receptor activity [27] and/or the 
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unfolded protein response [28]. Additionally, ERO1α responds to oxidative stress by 
modulating membrane permeability of the mitochondrial/endoplasmic reticulum 
membrane [29-31]. These data indicate that as ROS concentration increases outside the 
mitochondria, ERO1α , (more abundant in the high RFI line), increases membrane 
permeability. An increase in permeability allows ROS into the mitochondria where they can 
be handled by antioxidant defenses such as superoxide dismutase. An increase in oxidative 
stress by cytochrome P450 4A11 and response to oxidative stress by ERO1α demonstrate 
muscle mitochondria from the less efficient high RFI line may be expending more energy to 
control metabolic processes contributing to the decrease in efficiency observed.  
 
Oxidative stress directly relates to tissue metabolism and is an important consideration in 
energy usage.  It is well established that oxidation of proteins may cause not only damage, 
but changes in protein functionality and further susceptibility to oxidation [12, 32]. After 
oxidative damage has occurred a metabolic decision must be made on the final disposition 
of the protein. The protein can  be repaired in rare cases, but it is generally degraded into 
its constitutive amino acids [33] leading to an increase in protein turnover. Both protein 
repair and degradation are energetically expensive options. Degradation pathways like the 
26S proteasome require ATP to degrade protein [33]. An ATP independent pathway is the 
calpain system. Calpain, a calcium activated protease thought to be responsible for some 
protein turnover is endogenously inhibited by calpastatin.  Interestingly, calpastatin activity 
has been found to be increased in low RFI pigs from the fifth generation of our RFI selection 
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project [34].  An increase in calpastatin could lower overall protein degradation and 
turnover, lowering the amount of energy used to synthesize replacement protein [35]. 
 
It cannot be ignored that low RFI pigs had reduced feed intake. The effects of caloric 
restriction on oxidative stress has been well documented [36-37]. RFI can be thought of as 
biologically imposed caloric restriction. Lkhagvadorj et al. [38] showed similar changes 
between calorie restricted pigs and low RFI pigs. In mice, caloric restriction (40%) was 
shown to decrease hydrogen peroxide production from the mitochondria by 45% [39]. A 
decrease in oxidative stress allows the partitioning of more dietary energy towards growth. 
In support of this argument, we observed a significant decrease in feed intake in our low RFI 
vs high RFI gilts, while still maintaining similar growth rates [16]. In conjunction with the 
decrease in feed intake we also observed an increase in several proteins related to the TCA 
cycle, leading us to conclude that, in at least the liver and the red portion of the 
semitendinosus, there is an increase in metabolic capacity for ATP production resulting in 
more efficient use of dietary nutrients.  
 
The semitendinosus muscle was separated into the red and white portion to avoid 
differences caused by the predominance of either red or white muscle fibers. No proteins 
associated with oxidative stress were identified in the STW mitochondrial fraction. Type II 
muscle fibers, found predominantly in the STW, have been shown to be predisposed to an 
increase in ROS production in the form of H2O2 [40] when compared to type I fibers found 
primarily in the STR.  
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Proteins identified from the STR mitochondrial fraction indicate low RFI pigs may have less 
ROS production. Both the current study and previous work [40] contradict Glancy and 
Balaban [41] who reported no difference in the function of mitochondria isolated from the 
red or white fiber types from the vastus intermedius and gracilis, respectively. An increase 
in number of mitochondria may be responsible for the increase in oxidative capacity in red 
fiber type [41].  
 
Aconitate hydratase (or aconitase) is responsible for the conversion of citrate to isocitrate in 
the TCA Cycle.  In the STR the abundance of this aconitate hydratase was increased in the 
mitochondria from the STR in the more efficient line. Aconitate hydratase is a non-heme-
iron protein sensitive to oxidative stress, particularly nitration [42-43]. In relation to the less 
efficient, high RFI line this decrease in aconitate hydratase expression indicates 
mitochondria from the STR may be under more oxidative stress than the low RFI line.  These 
data are in agreement with Bender et al. [44] who showed aconitate hydratase to be 
sensitive to the addition of menadione to mitochondria from yeast. Menadione treatment 
results in superoxide stress. Additionally, it has been shown non-heme-iron proteins of the 
TCA cycle are susceptible to decreased activity in the presence of oxidative stress [45]. 
  
In the liver, four spots that were different between lines (303-306; Figure 1 and Table 2) 
were identified as mitochondrial aldehyde dehydrogenase.   The difference in the spot 
resolution was migration in the first dimension and therefore most likely represent 
posttranslational modification of the protein. Aldehyde dehydrogenase is primarily thought 
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to be responsible for the bioactivation of nitroglycerin [46], which also leads to increased 
ROS production. There is limited information on the influence of posttranslational 
modifications on the activity of aldehyde dehydrogenase. The abundance of all four 
identified spots was variable and the influence and type of the posttranslational 
modification is unknown. In depth investigations are required  to identify the type of 
posttranslational modification and its effect on activity of aldehyde dehydrogenase.  
 
Glutamate dehydrogenase (4 spots) and malate dehydrogenase (4 spots) were identified. 
Two malate and one glutamate dehydrogenase spots were identified as having a greater 
abundance in the more efficient low RFI line. Malate and glutamate dehydrogenase are key 
components of cellular energy homeostasis. The increase of both glutamate and malate 
dehydrogenase in the more efficient low RFI line indicates a greater stability and capacity of 
the push and pull of ATP production on the electron transport chain. Push and pull on 
electron transport can be described as follows; during a fed state ATP production is being 
metabolically pushed by feed consumption and during a fasting state ATP production is 
being metabolically pulled by pathways in need of ATP [47]. Low RFI pigs eat less frequently 
and consume feed at a greater rate during feeding [48].  This indicates that more variation 
in the amount of push and pull on electron transport should be expected. In a fed state, 
ROS production may increase given the potential “push” received.  Both glutamate and 
malate feed into complex I on the electron transport chain. A better understanding of the 
post translational modifications of these proteins would be warranted in future work. 
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Another family of proteins related to tissue metabolism identified in both the LD and the 
liver mitochondrial fraction included heat shock protein 70 (HSP70), as well as heat shock 
protein 60 (HSP60) identified in the liver mitochondrial fraction. In the LD, the HSP70 
protein identified was a ubiquitous type while in the liver the HSP70 identified is 
mitochondrial specific. In general, HSP70 protects the cell against apoptosis during heat 
stress [49-50]. In the LD, the ubiquitous HSP70 was less abundant in the more efficient low 
RFI line. In contrast, the mitochondrial specific HSP70 was more abundant in the low RFI 
line. Multiple reasons exist for the difference in HSP70 protein expression between the LD 
and liver. One potential difference is identification of individual peptides or proteins with 
PTM’s. HSP70 is known to conjugate with ubiquitin-like along with modification by 
acetylation and phosphorylation. HSP70 has been shown to be phosphorylated at tyrosine 
residues under oxidative stress condition [51]. These PTM’s may affect the activity and 
function of the protein. The ubiquitous type of HSP70 found in the LD is often associated 
with a role as a molecular chaperone.  Over expression of HSP70 in neonatal pigs may 
impair the immune response based on previous reports of recombinant HSP70 causing an 
increase in expression of inflammatory cytokines [52-53]. The decrease in the ubiquitous 
type of HSP70 in the LD from the low RFI line indicates less efficient pigs may expend more 
energy on immune response than efficient pigs. Mitochondrial HSP70, increased in the liver 
of efficient pigs, has been linked to inhibition of apoptosis through binding with apoptosis 
protease activating factor-1 [54].  
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HSP60 was significantly increased in the mitochondrial fraction from the more efficient low 
RFI pigs. A primary function of HSP60 is to shuttle pro-caspase 3 from the mitochondria to 
the cytoplasm [49, 55]. Pro-caspase 3 is then activated and thought to play a role in 
mitophagy through mitochondrial fission and fusion events. The second major function of 
HSP60 is that of chaperoning and facilitating protein folding and assembly [56]. The increase 
in HSP60 in the mitochondrial fraction of efficient low RFI pigs is beneficial in both 
functions. HSP60 in the mitochondrial matrix is not associated with the caspases and 
apoptosis [49]. Additionally the ability of HSP60 to facilitate protein folding and assembly 
would assist with any damage and misfolding done by oxidation. The increase of HSP60 
observed in the low RFI line indicate there may be less mitophagy and apoptosis and a 
greater ability for the mitochondria to repair proteins that have undergone oxidative 
damage.  
 
5. Conclusion 
These data indicate selection for greater feed efficiency and lesser RFI impacts tissue 
metabolism and oxidative stress in muscle and liver tissues. A shift in mitochondrial protein 
profile occurs in response to selection for low RFI. Animals selected for low RFI may be less 
prone to muscular oxidative stress. Liver from low RFI animals may have a greater metabolic 
capacity than those animals selected for high RFI. Animals that undergo less in vivo 
oxidative stress have the physiological capacity to partition more dietary energy towards 
growth because less energy is required for cellular repair and replacement. Additionally, the 
ability of animals to maintain a balanced oxidative environment while under metabolic 
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challenges is paramount to efficient production, which is achieved through selection for low 
RFI animals. 
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Table 1: RFI Index estimations for high and low RFI line. 
 Low RFI Line (kg feed/day) High RFI Line (kg feed/day) 
Average* -0.21 ±0.07 -0.02 ±0.07 
Highest 0.207 0.211 
Lowest -0.342 -0.181 
* P = 0.06 
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Figure 1: A representative 2-D DIGE gel, from the liver mitochondrial fraction showing 
identified proteins (Table 2). A total of 45 µg of CyDye labeled protein (15 µg of each CyDyes 
2, 3, and 5) was loaded onto a 11 cm pH 3-10 IPG strip for the first dimension and the 
second dimension was run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye5 are 
shown. 
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Figure 2: A representative 2-D DIGE gel, from the STR muscle mitochondrial fraction 
showing identified proteins (Table 3). A total of 45 µg of CyDye labeled protein (15 µg of 
each CyDyes 2, 3, and 5) was loaded onto a 11 cm pH 3-10 IPG strip for the first dimension 
and the second dimension was run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye5 
are shown. 
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Figure 3: A representative 2-D DIGE gel, from the LD muscle mitochondrial fraction showing 
identified proteins (Table 4). A total of 45 of CyDye labeled protein (15 µg of each CyDyes 2, 
3, and 5) was loaded onto a 11 cm pH 3-10 IPG strip for the first dimension and the second 
dimension was run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye5 are shown. 
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Figure 4. Detection of Endoplasmic reticulum oxidase-1 α  (ERO1α) in the longissimus dorsi 
mitochondrial fraction by the comparison of a (A) 2-D DIGE image (CyDye 5) and a (B) 
western blot. 2-D DIGE performed using 15 µg of protein labeled with each CyDye loaded on 
an 11 cm pH 3-10 strip for the first dimension and the second dimension on a 12.5% SDS-
PAGE gel (acrylamide: N,N’-bis-methylene acrylamide 100:1, 0.1% SDS, 0.05% TEMED, 
0.05% ammonium persulfate, and 0.5 M Tris-HCL, pH 8.8). Western blot protocols were 
followed after loading 40 ug of protein on a 7 cm 3-10 pH strip and running the second 
dimension on a 12.5% SDS-PAGE gel. Arrow indicates ERO1 α, remaining spots were 
determined to be secondary binding via a secondary control western blot (not shown). 
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Figure 5: A representative 2-D DIGE gel, from the STW muscle mitochondrial fraction 
showing identified proteins (Table 5). A total of 45 µg of CyDye labeled protein (15 µg of 
each CyDyes 2, 3, and 5) was loaded onto a 11 cm pH 3-10 IPG strip for the first dimension 
and the second dimension was run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye 5 
are shown.
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Table 2: Identifieda proteins from the mitochondrial fraction of the liver. Ratio indicated the change between pigs from the 
high and low RFI line. 
Spot # Protein Swiss-Prot Name Seq. 
Cov. 
Pi 
(theo/exp) 
MW (kDa) 
(theo/exp)  
Percent 
Change
†
 
P-Value Location 
123 Endoplasmin ENPL_PIG 4% 4.75/3.8 93/93 -18 0.047 Endoplasmic Reticulum 
140 Aconitate Hydratase ACON_PIG 8% 8.24/6.7 86/86 -5 0.13 Mitochondrial 
141 Aconitate Hydratase ACON_PIG 4% 8.24/7.0 86/86 -7 0.10 Mitochondrial 
188 Heat Shock 70 kDa, protein 9 GRP75_CRIGR 11% 5.87/4.4 73/73 -4 0.063 Mitochondrial 
196 Albumin ALBU_BOVIN 6% 5.82/4.5 71/70 -22 0.31 Mitochondrial 
243 Catalase CATA_PIG 15% 6.32/6.2 60/62 7 0.39 Peroxiosome 
246 Catalase CATA_PIG 11% 6.32/6.3 60/62 8 0.086 Peroxiosome 
262 Catalase CATA_PIG 13% 6.32/6.1 60/60 -6 0.15 Peroxiosome 
276 Heat Shock Protein 60 kDa CH60_MOUSE 8% 5.91/3.5 61/60 -9 0.017 Mitochondrial 
297 3-hydroxyacyl CoA dehydrogenase HCD2_BOVIN 18% 8.45/5.5 27/59 -12 0.14 Mitochondrial 
299 α- aminoadipic semialdehyde 
dehydrogenase 
AL7A1_MOUSE 7% 7.16/5.6 59/59 -10 0.038 Mitochondrial, 
Nucleus, Cytosol 
300 α- aminoadipic semialdehyde 
dehydrogenase 
AL7A1_MOUSE 5% 6.69/4.5 59/59 -10 0.14 Mitochondrial, 
Nucleus, Cytosol 
303 Aldehyde dehydrogenase ALDH2_PIG 4% 6.43/4.6 57/59 7 0.12 Mitochondrial 
304 Aldehyde dehydrogenase ALDH2_PIG 10% 6.43/4.6 57/57 1 0.74 Mitochondrial 
305 Aldehyde dehydrogenase ALDH2_PIG 10% 6.43/4.7 57/57 -4 0.35 Mitochondrial 
306 Aldehyde dehydrogenase ALDH2_PIG 7% 6.43/4.8 57/57 -10 0.064 Mitochondrial 
322 Glutamate dehydrogenase 1 gi|347300243 5% 7.25/5.6 62/56 -4 0.17 Mitochondrial 
323 Glutamate dehydrogenase 1 DHE3_BOVIN 12% 7.25/5.7 62/56 -2 0.53 Mitochondrial 
325 Glutamate dehydrogenase 1 DHE3_HUMAN 14% 7.66/5.8 61/56 -8 0.023 Mitochondrial 
326 Glutamate dehydrogenase 1 DHE3_BOVIN 10% 7.25/6.1 61/56 -10 0.017 Mitochondrial 
447 Acyl-CoA dehydrogenase (Short 
Chain Specific) 
ACADS_PIG 9% 8.36/5.7 45/45 -6 0.11 Mitochondrial 
† Positive values indicate an increase in the less efficient high RFI line. Negative Values indicate an increase in more efficient low RFI lines. 
a
 Trypsin used to digest proteins all protein except 276 in which case Lys C was used for digestion 
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Table 2: (Continued) Identifieda proteins from the mitochondrial fraction of the liver. Ratio indicated the change between 
pigs from the high and low RFI line. 
481 Malate Dehydrogenase MDHM_PIG 28% 8.93/8.9 36/36 -8 0.006 Mitochondrial 
483 Malate Dehydrogenase MDHM_PIG 16% 8.93/9.1 36/36 -13 <0.001 Mitochondrial 
551 Malate Dehydrogenase MDHM_PIG 16% 8.93/9.1 36/20 -6 0.024 Mitochondrial 
563 Malate Dehydrogenase MDHM_PIG 16% 8.93/8.8 36/18 -7 0.028 Mitochondrial 
† Positive values indicate an increase in the less efficient high RFI line. Negative Values indicate an increase in more efficient low RFI lines. 
a
 Trypsin used to digest proteins all protein except 276 in which case Lys C was used for digestion 
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Table 3: Identifieda proteins from the mitochondrial fraction of the red portion of the semitendinosus muscle. Ratio indicated 
the change between pigs from the high and low RFI line. 
Spot # Protein Swiss-Prot Name Seq. 
Cov 
Pi 
(theo/exp) 
MW (kDa) 
(theo/exp)  
Percent 
Change
†
 
P-Value Location 
118 Aconitate Hydratase ACON_PIG 6% 8.24/7.3 86/90 -19 0.058 Mitochondria 
160 Albumin ALBU_BOVIN 12% 5.82/5.7 71/78 15 0.030 -- 
193 Dihydrolipoyl dehydrogenase DLDH_PIG 8% 7.59/6.8 54/67 -23 0.027 Mitochondria 
197 Pyruvate Kinase Isozyme M1 KPYM_FELCA 10% 7.24/7.2 58/69 38 0.001 Cytosol 
198 Pyruvate Kinase Isozyme M1 KPYM_FELCA 5% 7.24/7.4 58/69 37 0.002 Cytosol 
201 Pyruvate Kinase isozyme M1 KPYM_FELCA 13% 7.24/7.9 58/70 20 0.057 Cytosol 
233 ATP Synthase Subunit α ATPA_BOVIN 14% 9.21/8.3 60/60 -20 0.068 Mitochondria 
255 Beta-enolase ENOB_PIG 11% 8.05/8.4 47/53 -31 0.11 Cytosol 
290 Fructose bisphosphate aldolase A ALDOA_HUMAN 5% 8.30/8.2 39/45 15 0.084 Ubiquitous 
319 Glyceraldehyde 3 phosphate 
dehydrogenase 
G3P_PIG 12% 8.51/7.8 36/36 34 0.004 Cytosol, Nucleus 
322 Glyceraldehyde 3 phosphate 
dehydrogenase 
G3P_PIG 13% 8.51/8.1 36/36 27 0.007 Cytosol, Nucleus 
346 Hydroxyacyl Coenzyme A 
dehydrogenase 
HCDH_PIG 7% 9.02/8.9 34/34 -14 0.081 Mitochondria 
† Positive values indicate an increase in the less efficient high RFI line. Negative Values indicate an increase in more efficient low RFI lines. 
a
 Trypsin used to digest proteins 
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Table 4: Identifieda proteins from the mitochondrial fraction of the longissimus dorsi muscle. Ratio indicated the change 
between pigs from the high and low RFI line.  
Spot # Protein Name Swiss-Prot Name Seq. 
Cov 
Pi 
(theo/exp) 
MW (kDa) 
(theo/exp)  
Percent 
Change
†
 
P-Value Location 
126 Cytochrome P450 4A11 CP4AB_HUMAN 6% 5.13/5.7 59/95 14 0.14 Endoplasmic reticulum 
membrane 
127 Myosin Binding Protetin C gi|335290041 7%  6.18/5.9 128/92 11 0.15 Muscle 
256 ERO1 α ERO1A_PIG 3% 8.15/4.75 55/70 15 0.012 Endoplasmic reticulum 
membrane 
265 Heat Shock Protein 70 HSP7C_BOVIN 1% 5.37/4.75 71/70 10 0.083 Ubiquitous 
266 Albumin ALBU_BOVIN 6%  5.82/5.6 71/70 25 0.025 Membrane bound 
461 Ion Transport multicopper oxidase fiol FIO1_SCHPO 3%  4.24/5.6 70/38 -36 0.088 Muscle 
473 Troponin T TNNT3_PIG 8% 6.05/5.7 32/33 -25 0.032 Muscle 
477 Zinc Metalloproteinase NAS12_CAEEL 6% 5.09/6.5 58/33 -23 0.14 Cytosol 
482 Lactate dehydrogenase, A chain LDHA_PIG 6%  8.18/8.1 36/32 17 0.057 Cytosol 
574 Myosin Light Chain 1F A1XQT6 20% 4.90/4.75 21/20 2 0.84 Muscle 
† Positive values indicate an increase in the less efficient high RFI line. Negative Values indicate an increase in more efficient low RFI lines. 
a
 Trypsin used to digest proteins 
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Table 5: Identifieda proteins from the mitochondrial fraction of the white portion of the semitendinosus muscle. Ratio 
indicated the change between pigs from the high and low RFI line. 
Spot # Protein Swiss-Prot Name Seq. 
Cov 
Pi 
(theo/exp) 
MW (kDa) 
(theo/exp)  
Percent 
Change
†
 
P-Value Location 
91 Alpha-actinin-3, skeletal muscle 
isoform 
ACTN3_BOVIN 6% 5.31/5.6 103/103 -14 0.087 Muscle 
180 Pyruvate kinase isozyme M1 KPYM_FELCA 6% 7.24/7.4 59/70 10 0.09 Cytosol 
182 Pyruvate kinase isozyme M1 KPYM_FELCA 8% 7.24/7.7 59/70 06 0.015 Cytosol 
265 Fructose bisphosphate aldolase A ALDOA_RABIT 17% 8.31/8.3 40/40 16 0.00053 Ubiquitous 
268 Fructose bisphosphate aldolase A ALDOA_HUMAN 15% 8.30/8.45 40/40 15 0.018 Ubiquitous 
287 Troponin T, fast skeletal muscle TNNT3_PIG 8% 6.05/6.2 32/33 -18 0.026 Muscle 
288 Troponin T, fast skeletal muscle TNNT3_PIG 16% 6.05/6.5 32/33 -20 0.025 Muscle 
293 Troponin T, fast skeletal muscle TNNT3_PIG 3% 6.05/6.5 32/33 -15 0.064 Muscle 
312 Lactate dehydrogenase A chain LDHA_PIG 6% 8.18/8.25 37/30 16 0.01 Cytosol 
† Positive values indicate an increase in the less efficient high RFI line. Negative Values indicate an increase in more efficient low RFI lines. 
a
 Trypsin used to digest proteins 
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Supplementary Table 1: Protein identified with individual peptides and Mowse Score’s.  
Tissue 
Spot 
ID 
Protein ID Species Accession Ratio
†
 pI 
Mass 
(kDa) 
Coverage 
% 
Peptides 
Mowse 
Score 
Liver 123 Endoplasmin Sus scrofa Q29092 -1.18 4.75 92.6 4% 
K.FAFQAEVNR.M 
K.SILFVPTSAPR.G 
K.GVVDSDDLPLNVSR.E 
135 
Liver 140 Aconitate Hydratase Sus scrofa P16276 -1.05 8.24 86.4 8% 
R.DGYAQVLR.D 
K.EGWPLDIR.V 
K.SQFTITPGSEQIR.A 
K.FKLEAPDADELPR.A 
R.NAVTQEFGPVPDTAR.Y 
K.VAMSHFEPHEYIR.Y 
311 
Liver 141 Aconitate Hydratase Sus scrofa P16276 -1.07 8.24 86.4 4% 
K.EGWPLDIR.V 
K.SQFTITPGSEQIR.A 
R.NAVTQEFGPVPDTAR.Y 
159 
Liver 188 
Heat Shock 70 kDa, 
protein 9 
Cricetulus 
griseus 
O35501 -1.04 5.87 73.9 11% 
K.DAGQISGLNVLR.V 
K.VQQTVQDLFGR.A 
R.TTPSVVAFTADGER.L 
R.AQFEGIVTDLIKR.T 
K.LLGQFTLIGIPPAPR.G 
K.NAVITVPAYFNDSQR.Q 
400 
Liver 196 Albumin Bos tarus P02769 -1.22 5.82 71.2 6% 
R.RHPEYAVSVLLR.L 
K.LGEYGFQNALIVR.Y 
K.DAFLGSFLYEYSR.R 
189 
Liver 243 Catalase Sus scrofa O62839 1.07 6.32 60.1 15% 
 R.YSGDVQR.F 
 K.NFSDVHPDYGAR.I 
 R.DAILFPSFIHSQK.R 
 K.VWPHSEYPLIPVGK.L 
 K.GAGAFGYFEVTHDITR.F 
 R.GPLLVQDVVFTDEMAHFDR.E 
260 
Liver 246 Catalase Sus scrofa O62839 1.08 6.32 60.1 11% 
 R.YSGDVQR.F 
 K.NFSDVHPDYGAR.I 
 R.DAILFPSFIHSQK.R 
 K.VWPHSEYPLIPVGK.L 
 K.GAGAFGYFEVTHDITR.F 
252 
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Supplementary Table 1: Continued. 
Liver 262 Catalase Sus scrofa O62839 -1.06 6.32 60.1 13% 
 K.LNILTAGPR.G 
 K.NLSVEDAAR.L 
 K.NFSDVHPDYGAR.I 
 R.DAILFPSFIHSQK.R 
 K.VWPHSEYPLIPVGK.L 
 K.GAGAFGYFEVTHDITR.F 
276 
Liver 276
a
 
Heat Shock Protein 
60 kDa 
Mus 
musculus 
P63038 -1.09 5.91 61.1 8% 
K.LNERLAK.L 
K.GRTVIIEQSWGSPK.V 
K.CEFQDAYVLLSEK.K 
K.FDRGYISPYFINTSK.G 
163 
Liver 297 
3-hydroxyacyl CoA 
dehydrogenase 
Bos tarus O02691 -1.12 8.45 27.3 18% 
K.SQAHTLEDFQR.V 
R.LVAGEMGQNEPDQGGQR.G + 
Oxidation (M) 
K.GLVALITGGASGLGLATAER.L 
246 
Liver 299 
α- aminoadipic 
semialdehyde 
dehydrogenase 
Mus 
musculus 
Q9DBF1 -1.10 7.16 59.3 7% 
 R.MIGGPILPSER.S + Oxidation (M) 
 R.EENEGVYNGSWGGR.G 
 R.GEVITTYCPANNEPIAR.V 
89 
Liver 300 
α- aminoadipic 
semialdehyde 
dehydrogenase 
Bos tarus Q2KJC9 -1.10 6.69 59.1 5% 
K.AYAQIR.V 
K.QVALMVQER.F + Oxidation (M) 
R.RLFLHESIHDEVVNR.L 
91 
Liver 303 
Aldehyde 
dehydrogenase 
Sus scrofa Q2XQV4 1.07 6.43 57.3 4% 
R.LADLIER.D 
K.TIEEVIGR.A 
R.VVGNPFDSR.T 
K.FKTIEEVIGR.A 
162 
Liver 304 
Aldehyde 
dehydrogenase 
Sus scrofa Q2XQV4 1.01 6.43 57.3 10% 
 K.TIEEVIGR.A 
 K.YGLAAAVFTK.D 
 R.AAFQLGSPWR.R 
 K.TLPIDGDYFSYTR.H 
 R.TFVQEDIYAEFVER.S 
47 
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Supplementary Table 1: Continued. 
Liver 305 
Aldehyde 
dehydrogenase 
Sus scrofa Q2XQV4 -1.04 6.43 57.3 10% 
K.TIEEVIGR.A 
R.VVGNPFDSR.T 
K.YGLAAAVFTK.D 
R.AAFQLGSPWR.R 
K.FKTIEEVIGR.A 
R.SRVVGNPFDSR.T 
K.TLPIDGDYFSYTR.H 
284 
Liver 306 
Aldehyde 
dehydrogenase 
Sus scrofa Q2XQV4 -1.10 6.43 57.3 7% 
R.AAFQLGSPWR.R 
K.TIPIDGDYFSYTR.H 
R.TFVQEDIYAEFVER.S 
152 
Liver 322 
Glutamate 
dehydrogenase 1 
Sus scrofa gi|347300243 -1.04 8.03 61.7 5% 
 R.AQHSQHR.T 
 K.LQHGTILGFPK.A 
 R.DDGSWEVIEGYR.A 
89 
Liver 323 
Glutamate 
dehydrogenase 1 
Bos tarus P00366 -1.02 3.76 3.6 12% 
R.DDGSWEVIEGYR.A 
K.DIVHSGLAYTMER.S + Oxidation 
(M) 
K.HGGTIPIVPTAEFQDR.I 
R.IIKPCNHVLSLSFPIRR.D 
224 
Liver 325 
Glutamate 
dehydrogenase 1 
Homo 
sapiens 
P00367 -1.08 7.66 61.7 14% 
R.DDGSWEVIEGYR.A 
K.HGGTIPIVPTAEFQDR.I 
K.TFVVQGFGNVGLHSMR.Y 
K.TFVVQGFGNVGLHSMR.Y + 
Oxidation (M) 
R.IIKPCNHVLSLSFPIR.R 
K.GFIGPGIDVPAPDMSTGER.E + 
Oxidation (M) 
R.IIKPCNHVLSLSFPIRR.D 
348 
Liver 326 
Glutamate 
dehydrogenase 1 
Bos tarus P00366 -1.10 7.25 61.8 10% 
R.DDGSWEVIEGYR.A 
K.HGGTIPIVPTAEFQDR.I 
K.TFVVQGFGNVGLHSMR.Y 
K.TFVVQGFGNVGLHSMR.Y + 
Oxidation (M) 
R.IIKPCNHVLSLSFPIR.R 
R.IIKPCNHVLSLSFPIRR.D 
230 
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Supplementary Table 1: Continued. 
Liver 447 
Acyl-CoA 
dehydrogenase 
(Short Chain 
Specific) 
Mus 
musculus 
P79273 -1.06 8.36 45.2 9% 
K.LADMALALESAR.L 
R.ASSTANLIFEDCR.I 
R.ITEIYEGTSEIQR.L 
R.ASSTANLIFEDCRIPK.E 
181 
Liver 481 
Malate 
Dehydrogenase 
Sus scrofa P00346 -1.08 8.93 36.0 28% 
K.IFGVTTLDIVR.A 
K.GCDVVVIPAGVPR.K 
K.TIIPLISQCTPK.V 
K.AGAGSATLSMAYAGAR.F 
K.AGAGSATLSMAYAGAR.F + 
Oxidation (M) 
K.GYLGPEQLPDCLK.G 
K.VDFPQDQLSTLTGR.I 
K.VAVLGASGGIGQPLSLLLK.N 
457 
Liver 483 
Malate 
Dehydrogenase 
Sus scrofa P00346 -1.13 8.93 36.0 16% 
K.NSPLVSR.L 
K.IFGVTTLDIVR.A 
K.GCDVVVIPAGVPR.K 
K.TIIPLISQCTPK.V 
K.VDFPQDQLSTLTGR.I 
253 
Liver 551 
Malate 
Dehydrogenase 
Sus scrofa P00346 -1.06 8.93 36.0 16% 
K.NSPLVSR.L 
K.IFGVTTLDIVR.A 
K.GCDVVVIPAGVPR.K 
K.TIIPLISQCTPK.V 
K.VDFPQDQLSTLTGR.I 
219 
Liver 563 
Malate 
Dehydrogenase 
Sus scrofa P00346 -1.07 8.93 36.0 16% 
K.NSPLVSR.L 
K.IFGVTTLDIVR.A 
K.GCDVVVIPAGVPR.K 
K.TIIPLISQCTPK.V 
K.VDFPQDQLSTLTGR.I 
253 
STR 118 Aconitate Hydratase Sus scrofa P16276 -1.19 8.24 86.5 6% 
R.DGYAQVLR.D 
K.SQFTITPGSEQIR.A 
K.FKLEAPDADELPR.A 
R.NAVTQEFGPVPDTAR.Y 
255 
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Supplementary Table 1: Continued. 
STR 160 Albumin Bos tarus P02769 1.15 5.82 71.2 12% 
K.YLYEIAR.R 
R.RHPEYAVSVLLR.L 
K.LGEYGFQNALIVR.Y 
K.DAFLGSFLYEYSR.R 
R.MPCTEDYLSLILNR.L + Oxidation 
(M) 
R.RHPYFYAPELLYYANK.Y 
324 
STR 193 
Dihydrolipoyl 
dehydrogenase 
Sus scrofa P09623 -1.23 7.59 54.7 8% 
K.VGKFPFAANSR.A 
R.VCHAHPTLSEAFR.E 
R.RPFTQNLGLEELGIELDPR.G 
158 
STR 197 
Pyruvate Kinase 
Isozyme M1 
Felis catus P11979 1.38 7.24 58.5 10% 
R.APIIAVTR.N 
R.KLFEELVR.G 
R.LDIDSPPITAR.N 
K.CLAAALIVLTESGR.S 
R.LNFSHGTHEYHAETIK.N 
196 
STR 198 
Pyruvate Kinase 
Isozyme M1 
Felis catus P11979 1.37 7.24 58.5 5% 
K.CLAAALIVLTESGR.S 
K.FGVEQDVDMVFASFIR.K 
K.FGVEQDVDMVFASFIR.K + 
Oxidation (M) 
121 
STR 201 
Pyruvate Kinase 
isozyme M1 
Felis catus P11979 1.20 7.24 58.5 13% 
R.APIIAVTR.N 
K.LFEELVR.G 
K.IENHEGVR.R 
K.GDYPLEAVR.M 
R.KLFEELVR.G 
R.LDIDSPPITAR.N 
R.NTGIICTIGPASR.S 
K.CLAAALIVLTESGR.S 
332 
STR 233 
ATP Synthase 
Subunit α 
Bos tarus P19483 -1.20 9.21 59.8 14% 
K.AVDSLVPIGR.G 
K.GIRPAINVGLSVSR.V 
K.LYCIYVAIGQKR.S 
R.EAYPGDVFYLHSR.L 
R.ILGADTSVDLEETGR.V 
R.TGAIVDVPVGEELLGR.V 
375 
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Supplementary Table 1: Continued. 
STR 255 Beta-enolase Sus scrofa Q1KYT0 -1.31 8.05 47.4 11% 
K.YNQLMR.I 
R.IGAEVYHHLK.G 
K.VNQIGSVTESIQACK.L 
R.AAVPSGASTGIYEALELR.D 
219 
STR 290 
Fructose 
bisphosphate 
aldolase A 
Homo 
sapiens 
P04075 1.15 8.30 39.9 5% 
K.AAQEEYVKR.A 
K.ADDGRPFPQVIK.S 
101 
STR 319 
Glyceraldehyde 3 
phosphate 
dehydrogenase 
Sus scrofa P00355 1.34 8.51 36.0 12% 
R.VPTPNVSVVDLTCR.L 
K.AITIFQERDPANIK.W 
K.LISWYDNEFGYSNR.V 
139 
STR 322 
Glyceraldehyde 3 
phosphate 
dehydrogenase 
Sus scrofa P00355 1.27 8.51 36.0 13% 
K.VGVNGFGR.I 
K.LTGMAFR.V + Oxidation (M) 
K.AITIFQER.D 
M.VKVGVNGFGR.I 
R.VPTPNVSVVDLTCR.L 
K.AITIFQERDPANIK.W 
252 
STR 346 
Hydroxyacyl 
Coenzyme A 
dehydrogenase 
Sus scrofa P00348 -1.14 9.02 34.2 7% R.LGEHNINVLEGDEQFINAAK.I 124 
STW 91 
Alpha-actinin-3, 
skeletal muscle 
isoform 
Bos tarus Q01119 -1.14 5.31 103.7 6% 
 R.LHKPPR.V 
 R.ASFNHFDR.K 
 K.ASLHEAWTR.G 
 K.LVSDIANAWR.G 
 R.HRPDLIDYAK.L 
 R.TINEVENQVLTR.D 
183 
STW 180 
Pyruvate kinase 
isozyme M1 
Felis catus P11979 1.10 7.24 58.5 6% 
 R.APIIAVTR.N 
 R.LDIDSPPITAR.N 
 R.NTGIICTIGPASR.S 
142 
STW 182 
Pyruvate kinase 
isozyme M1 
Felis catus P11979 1.06 7.24 58.5 8% 
 R.APIIAVTR.N 
 R.MQHLIAR.E 
 K.LFEELVR.G 
 R.KLFEELVR.G 
 R.LDIDSPPITAR.N 
 R.NTGIICTIGPASR.S 
208 
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Supplementary Table 1: Continued. 
STW 265 
Fructose 
bisphosphate 
aldolase A 
Oryctolagus 
cuniculus 
P00883 1.16 8.31 39.8 17% 
 K.ADDGRPFPQVIK.S 
 R.LQSIGTENTEENRR.F 
 K.YSHEEIAMATVTALR.R 
 K.YSHEEIAMATVTALRR.T 
 K.YSHEEIAMATVTALRR.T + 
Oxidation (M) 
 K.IGEHTPSALAIMENANVLAR.Y + 
Oxidation (M) 
324 
STW 268 
Fructose 
bisphosphate 
aldolase A 
Homo 
sapiens 
P04075 1.15 8.30 39.9 15% 
 K.ELSDIAHR.I 
 K.AAQEEYVKR.A 
 K.ADDGRPFPQVIK.S 
 K.GILAADESTGSIAKR.L 
 K.RLQSIGTENTEENR.R 
217 
STW 287 
Troponin T, fast 
skeletal muscle 
Sus scrofa Q75NG9 -1.18 6.05 32.2 8% 
 R.QKYDIINLR.S 
 R.QKYDIINLR.S 
 R.RKPLNIDHLSEDKLR.D 
82 
STW 288 
Troponin T, fast 
skeletal muscle 
Sus scrofa Q75NG9 -1.20 6.05 32.2 16% 
 R.SRIDQAQK.H 
 R.QKYDIINLR.S 
 R.QKYDIINLR.S 
 K.IPEGEKVDFDDIQK.K 
 R.RKPLNIDHLSEDKLR.D 
 R.RKPLNIDHLSEDKLR.D 
190 
STW 293 
Troponin T, fast 
skeletal muscle 
Sus scrofa Q75NG9 -1.15 6.05 32.2 3%  R.KQYDINLIR.V 41 
STW 312 
Lactate 
dehydrogenase A 
chain 
Sus scrofa P00339 1.16 8.18 36.9 6% 
 K.LVVITAGAR.Q 
 R.VIGSGCNLDSAR.F 
99 
LD 126 
Cytochrome P450 
4A11 
Homo 
sapiens 
Q02928 1.14 5.13 59.3 6%  K.MENGSILSDK.D + Oxidation (M) 39 
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Supplemental Table 1: Continued. 
LD 127 
Myosin Binding 
Protetin C 
Sus scrofa gi|335290041 1.11 6.18 128.4 7% 
 K.CFTELFVR.E 
 K.IAFQYGITDLR.G 
 R.TSNFDTVFFVR.Q 
 R.SQPATLAQPVTIR.E 
 R.RPSPFDSGTYSCR.A 
 R.VVVAGYTAALNCAVR.G 
 K.VTNPAGEDVASIFLR.V 
394 
LD 256 ERO1 α Sus scrofa B6CVD7 1.15 8.15 55.1 3% K.LKEDFR.Q 33 
LD 265 
Heat Shock Protein 
70 
Bos tarus P19120 1.10 5.37 71.4 1%  R.FEELNADLFR.G 55 
LD 266 Albumin Bos tarus P02769 1.25 5.82 71.2 6% 
 K.YLYEIAR.R 
 R.ALKAWSVAR.L 
 R.DTHKSEIAHR.F 
 R.KVPQVSTPTLVEVSR.S 
174 
LD 473 Troponin T Sus scrofa Q75NG9 -1.25 6.05 32.1 8% 
 R.QKYDIINLR.S 
 R.KPLNIDHLSEDKLR.D 
98 
LD 482 
Lactate 
dehydrogenase, A 
chain 
Sus scrofa gi|1170740 1.17 8.18 36.9 6% 
 R.LVVITAGAR.Q 
 R.VIGSGCNLDSAR.F 
84 
LD 574 
Myosin Light Chain 
1F 
Sus scrofa gi|117660874 1.02 4.90 21.0 20% 
 K.EAFLLFDR.T 
 K.ITLSQVGDVLR.A 
 K.DQGSYEDFVEGLR.V 
 K.EQQDEFKEAFLLFDR.T 
292 
† Negative values indicate an increase in abundance in the more efficient low RFI line and positive values indicate an increase 
in abundance in the less efficient high RFI line 
a Trypsin used to digest proteins all protein except Liver 276 in which case Lys C was used for digestion 
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CHAPTER 4. DIVERGENT GENETIC SELECTION FOR RESIDUAL FEED INTAKE IMPACTS 
MITOCHONDRIA REACTIVE OXYGEN SPECIES PRODUCTION 
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J.K. Grubbs, A.N. Fritchen, E. Huff-Lonergan, N.K. Gabler, and S.M. Lonergan 
Department of Animal Science, Iowa State University, Ames, Iowa 50014 
 
Abstract 
The objective of this study was to determine the extent to which genetic selection for residual 
feed intake (RFI) impacts electron leakage and reactive oxygen species (ROS) production in 
mitochondria from muscle and liver tissue. Understanding how genetic selection for RFI impacts 
animal physiology and growth efficiency is of the upmost importance as the world population 
increases. Production efficiency is tied directly to energy utilization. Mitochondria were used in 
this study because they produce 90% of the ATP in the body and utilize a large majority of 
dietary energy.  Mitochondria were isolated from both muscle and liver tissue from pigs 
genetically selected for RFI (n = 8 per RFI line) (34±4 kg). A 2,7-dichlorofluorscein diacetate 
assay was used to detect differences in hydrogen peroxide production between the more 
efficient low RFI line and the less efficient high RFI line. Our hypothesis was that greater 
efficiency would be linked to less ROS production from the mitochondria. Mitochondria from 
pigs in the low RFI line in both the red and white portion of the semitendinosus had less ROS 
production than mitochondria from pigs in the less efficient high RFI line (P < 0.05).  A positive 
correlation was observed between RFI and ROS in mitochondria from the longissimus dorsi. 
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These data indicate genetic selection for RFI may influence mitochondrial ROS production, 
utilization of dietary energy, and efficiency of pork production.  
 
Keywords: Reactive oxygen species, Residual feed intake, mitochondria, electron transport 
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National Institute of Food and Agriculture. The authors would also like to thank Dr. Ed 
Steadham for his assistance with the laboratory portion of this project. 
 
Introduction                                                                                                                                                                                                                                                                                                                                                                                        
Conservation of natural resources is important as the population of the world nears the 
expected 9 billion in 2050, as projected by the United Nations (2011). In meat production, the 
largest use of natural resources is through the production of feed. Therefore, improving feed 
efficiency of livestock is an important goal for sustainability and profitability.  Residual feed 
intake (RFI) is a measure of production efficiency that is calculated by determining the 
difference between an individual animal’s observed feed intake and expected feed intake based 
on performance (Boddicker et al., 2011; Koch et al., 1963). Animals with a low RFI are more 
feed efficient than animals with a high RFI, while maintaining similar growth performance. RFI 
can be considered to be a predictive measure of energy utilization (Herd and Arthur, 2009; 
Reynolds et al., 2011).  
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Poor nutrient and energy utilization by livestock may be accounted for by changes in 
mechanisms responsible for regulation of mitochondria function. In the mitochondria, an 
increase in electron leakage from electron transport chain can occur with the loss of 
mitochondrial regulatory mechanisms and results in reduced energy coupling to ATP. 
Furthermore, excessive reactive oxygen species (ROS) are generally produced with an increase 
in electron leakage, diverting dietary energy from growth towards cellular repair and/or 
autophagy mechanisms. Reports in chickens (Iqbal et al., 2004) and cattle (Kolath et al., 2006) 
support the hypothesis that ROS production, measured by the production of hydrogen 
peroxide, is influenced by feed efficiency (chickens) and RFI (cattle). Therefore, our objective 
was to establish the extent to which genetic selection for RFI in pigs influences ROS production 
in muscle and liver mitochondria and oxidative stress. The rationale for this objective is that 
muscle and liver ROS production are linked to variations in energy utilization through 
mechanisms designed to protect tissues and the animal from mitophagy and protein turnover.  
Differences in ROS production in tissues from the high and low RFI pig lines may partially 
explain the energetic and feed efficiency differences associated with selection.   
 
Materials and Methods 
Animals 
All animal procedures were approved by the Animal Care and Use Committee (1-11-
7058-S) at Iowa State University. Eight high RFI and eight low RFI gilts from the 8th generation of 
the ISU RFI selection project (Cai et al., 2008), matched by age and live weight (34±4 kg BW), 
were selected and placed into randomly assigned individual metabolism pens for 12 weeks. Pigs 
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had free access to  a standard corn and soybean meal diet (Table 1) that was formulated to 
meet or exceed the nutrient requirements for this size of pig (NRC, 1998). Body weight and feed 
intake were recorded weekly throughout the experiment. The 10th rib backfat and loin eye area 
were measured on all pigs at the beginning and end of the study by ultrasound using an Aloka 
500V SSD ultrasound machine fitted with a 3.5-MHz, 12.5-cm, linear array transducer 
(Corometrics Medical Systems Inc., Wallingford, CT). For each individual pig, ADG, ADFI and G:F 
were calculated using the BW, FI, and backfat (BF) data collected throughout the entire 
experiment. Residual feed intake indices for individual pigs were analyzed according to 
statistical methods previously described by Cai et al., (2008). RFI indices were calculated by the 
following equation (Cai et al., 2008):  
 
RFI = ADFI – β1(ontest weight deviation) + β2(offtest weight deviation) + β3(metabolic mid-
weight) + β4(ADG) + β5(offtest BF). 
 
Tissue Collection 
At the end of the experimental period (12 weeks), gilts were euthanized in pairs (n = 1 per line) 
via captive bolt stunning followed by exsanguination, over 8 days. A section of the longissimus 
dorsi (LD) from the lumbar region, a portion of the liver, and both entire semitendinosus (ST) 
muscles were collected and placed on ice for transport back to the laboratory (1 hour 
postmortem). Liver was first washed in PBS to minimize blood contamination in the sample.  
The ST muscle was divided into red a white portions (STR and STW respectively).   
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Mitochondria Isolation 
Mitochondria were isolated via differential centrifugation (Iqbal et al., 2004; Smith, 1967). 
Briefly, approximately 100 g of each muscle or 80 g of liver tissue were homogenized in at least 
5 volumes of Buffer A (220 mM Mannitol, 70 mM Sucrose, 2 mM HEPES, 1 mM EGTA and 0.5 
mg/mL fatty acid free BSA, pH 7.4). Slurry was clarified and pellet was discarded (twice at 600 x 
g for 10 minutes). The supernatant was strained through cheesecloth after each centrifugation. 
Mitochondrial pellets were formed by centrifuging at 7,750 x g for 20 minutes, the supernatant 
was decanted, and pellets were washed three times with Buffer B (220 mM Mannitol, 70 mM 
Sucrose, 2 mM HEPES, and 0.5 mg/mL fatty acid free BSA, pH 7.0). 
 
Washed mitochondria were re-suspended in 2-3 mL of Buffer B. A modified Lowry protein assay 
(Lowry et al., 1951) was performed to determine protein concentration (BioRad Laboratories, 
Hercules, CA). Mitochondrial protein yield was determined and there were no differences 
between lines in yield (Figure 1). Mitochondria were then diluted to a protein concentration of 
2 mg/ml with Buffer B and stored at 4 °C until use.  
 
H2O2 Production Assay 
Hydrogen peroxide (H2O2) production from the mitochondria was used to determine ROS 
production via 2,7 dichlorofluorescin diacetate (DCFH), as previously describe by Iqbal et al. 
(2004) with modifications. All assay reagents were made fresh each day from either frozen 
stock solutions or raw chemical. A H2O2 standard curve was used to calculate production values 
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from the mitochondria. A BioTek Synergy H4 microplate reader (BioTek U.S. Winooski, VT) was 
used to detect fluorescence of DCFH at an excitation/emission wavelength of 480/530 nm. 
 
Each sample and standard were run in triplicate on a black 96 well plate. Superoxide dismutase 
(Sigma-Aldrich, St. Louis, MO) was added (20 units)  to each well along with 45 μl of assay 
buffer containing 51 μM DCFH. In addition to the DCFH, either 8 μM glutamate or succinate 
were added to provide an energy substrate for electron transport complexes (I and II 
respectively). Individual electron transport complexes were inhibited by 10 μM rotenone, 8 μM 
4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione (TTFA), 13 μM antimycin A, or a combination of 
the three. To each well, either the H2O2 standards or 90 μg of mitochondrial protein were 
added. The plate was incubated at 38 °C and readings taken at 0, 5, 10, 15, and 20 min. Blank 
wells containing no mitochondria were used to calculate background fluorescence.  
 
Statistical Analysis 
All data were analyzed using the Proc Mixed procedure of SAS (SAS Inst, Cary, N.C.). Growth and 
performance statistical analysis used line as a fixed effect with a covariate of harvest date. 
Hydrogen peroxide production was analyzed with the fixed effect of line, a random effect of 
harvest date, and covariate of body weight was used, blocking by muscle or tissue. Simple 
Pearson correlations were calculated using the Proc Corr procedure of SAS. Differences were 
considered significant at P < 0.05 and a tendency at P < 0.10. 
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Results 
As expected, gilts selected for low RFI had a 10% lower ADFI (P = 0.018) for the same rate of 
growth (P = 0.67) compared to their high RFI counterparts this translated into a significant (P = 
0.017) improvement in gain:feed (Table 2). These performance phenotypes (Table 2) were 
consistent with previously published data from generation 5 of this experiment (Smith et al., 
2011). On-test and off-test BW were not different between the lines (P ≥ 0.10). Ultrasound back 
fat was greater in the less efficient high RFI line when compared to the more efficient low RFI 
Line (P ≤ 0.05). However, LEA was not different across the lines (27.2 vs. 24.9 cm2, respectively, 
P = 0.11, Table 2). As expected, calculated RFI index between the low and high lines were 
different (-0.14 vs. 0.03 kg feed/day, respectively, P < 0.001, Table 2).   
 
ROS production from the mitochondria was first reported by Boveris and Chance (Boveris and 
Chance, 1973; Chance et al., 1979). To assess the effect of RFI selection on mitochondria ROS 
production in various tissues, ex vivo hydrogen peroxide production rate was measured.  
Although not statistically different, hydrogen peroxide production, when using glutamate as a 
complex I energy source, was 30-34% lower from the LD mitochondria isolated from low RFI 
pigs compared to high RFI gilts, when using no inhibitors or complex I and II inhibitors (P ≥ 0.10, 
Figure 2). However, RFI and hydrogen peroxide production were positively correlated with both 
uninhibited electron transport and electron transport blocked at complex I (r = 0.493 and 0.485, 
respectively, P = 0.05, Table 3). When blocking electron transport at complex III, using 
antimycin A, no significant correlation existed (P = 0.17). When succinate was used as the 
energy source for complex II, coupled with the addition of rotenone to prevent electron back 
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flow to complex I, high RFI animals had a numerical increase ROS production (Table 4). As with 
glutamate, there was a tendency for a positive correlation between RFI and ROS production (P 
= 0.10) with succinate.  
  
No differences in hydrogen peroxide production were observed for the STR when electron 
transport occurred through complex I with the use of glutamate as an energy substrate (Figure 
3). Conversely, there was a significant decrease in hydrogen peroxide production when 
succinate was used as an energy source for electron transport for complex II. The electron 
transport chain from complex II to IV, in low RFI pigs, had a tendency to have less ROS 
production than the high RFI line (P = 0.085, Table 4). This was confirmed when ROS production 
from complex II by itself, through the use of the inhibitor TTFA, was increased in high RFI gilts (P 
= 0.035, Table 4). 
 
In the STW mitochondria of high RFI pigs, hydrogen peroxide production was increased or 
tended to be increased depending on inhibitor treatment (Figure 4 and Table 4). With the use 
of succinate for complex II associated electron transport, there was a positive correlation 
between RFI and ROS production with the inhibition of complexes I, II, and III (r2 = 0.53, P = 
0.032, Table 5). No differences in ROS production were observed between high and low RFI 
mitochondria isolated from the liver (Figure 5 and Table 4).  
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Discussion 
The role of mitochondria in energy biogenesis and ROS production in swine has been poorly 
characterized in the context of feed efficiency. Therefore, gilts from divergently selected lines in 
RFI and FE were used as a model to study mitochondria ROS production in muscle and liver 
tissues. The feed conversion ratio of the low RFI pigs from the Iowa State selection project has 
been reduced by 0.22 g/d over eight generations when compared to the high RFI line. In the 
more efficient low RFI line utilized in this study, there was a decrease in ADFI and ultrasound 
backfat when compared to the less efficient high RFI gilts (Table 2). Similar results were seen in 
the fifth generation of this same selection project (Smith et al., 2011) and in reports from 
another selection experiment (Barea et al., 2010; Lefaucheur et al., 2011).  These phenotypes 
may be partially explained by differences in mitochondrial function. 
 
Electron leakage from the electron transport chain mainly occurs through complex I and III. If 
leakage is excessive, oxidative damage of DNA, lipids and proteins may occur (Bottje et al., 
2002; Droge, 2002). Identifying site specific complex differences for deviations in ROS 
production would aid in the development of strategies to ameliorate electron leakage. Chickens 
undergoing metabolic stress such as pulmonary hypertension syndrome (PHS), have increased 
ROS production from the mitochondria isolated from the lungs (Iqbal et al., 2001). An increase 
in metabolic stress from a disease may be similar to selection for feed efficiency. In the PHS 
study (Iqbal et al., 2001), electron leakage and ROS production were found to occur primarily at 
complexes I and III. Mitochondria from STW in the present study exhibited similar patterns of 
ROS production with differences between RFI lines being the greatest when inhibiting 
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complexes I and III with rotenone and antimycin A when using both glutamate and succinate as 
an energy source. These patterns suggest complexes I and III may be responsible for a majority 
of electron leakage under different types of stress, both metabolic and biological.  
 
Differences between energy sources for electron transport chain are also informative for site 
specific electron leakage. Glutamate is a complex I energy source, while succinate is an energy 
source for complex II. When succinate was used as a complex II energy source, rotenone, an 
inhibitor for complex I, was used to block electron backflow into complex I. Differences 
between energy sources (glutamate and succinate) were observed within STR. This result 
reveals information regarding the location of electron leakage. In the STR, no differences were 
observed with the use of glutamate as an energy source.  However, a tendency for increased 
electron leakage was observed when using succinate and blocking electron back flow into 
complex I. These differences indicate that electron leakage could be occurring primarily 
between complex II and complex III in pig tissues. Determining specific locations of electron 
leakage in the electron transport chain may lead to development of potential amelioration 
strategies.  
 
Selection line differences in ROS production in mitochondria from STW and STR (Table 4, 
Figures 3 and 4) support the hypothesis that selection for low RFI results in reduced electron 
leakage from muscle mitochondria. These data show that genetic selection for low RFI 
attenuates hydrogen peroxide production in the muscle mitochondria limiting free radical 
formation. One outcome of decreasing ROS production could be a decrease in oxidative protein 
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damage leading to a decrease of mitophagy and protein turnover (Cruzen et al., 2012). This 
ultimately may contribute to a shift in energy utilization from cellular repair to growth and thus 
improved FE in growing pigs.  
 
Feed efficiency of avian and livestock has been linked to electron leakage and hydrogen 
peroxide production. Bottje et al. (2002) demonstrated a positive association between feed 
efficiency and mitochondrial function from isolated mitochondria from breast and leg muscles 
of broilers. A positive correlation with RFI and ROS production, in the form of hydrogen 
peroxide, in the LD muscle of our gilts in the mitochondria isolated from the LD was observed. 
This positive correlation indicates genetic selection for RFI has the potential to influence ROS 
production from the mitochondria.  
 
Genetic selection for RFI influences the cellular processes, such as electron transport, that 
affect mitochondrial function and ROS production (Bottje and Carstens, 2009).  Phenotypic 
variations, such as BW, account for 60 - 80% of inter-animal variation in feed efficiency (Bottje 
and Carstens, 2009). Therefore, it is concluded that RFI can only account for 20 - 40% of the 
phenotypic variation by itself in poultry (Bottje and Carstens, 2009). The difference in genetic 
selection becomes apparent when considering the mitochondrial leakage or ROS production 
from three major meat species. Research in broilers has consistently shown that breast muscle 
mitochondria from high efficiency birds produce less hydrogen peroxide than those from less 
efficient birds (Bottje et al., 2002; Bottje and Carstens, 2009; Droge, 2002; Iqbal et al., 2004). 
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Our data support the hypothesis that links mitochondria function to ROS production and feed 
efficiency.  However, a comparative analysis suggests that there could be species differences in 
the linkage between mitochondria function and FE. Kolath et al. (2006) reported that 
mitochondria from the LD muscle in more efficient cattle produced more total hydrogen 
peroxide that those from less efficient cattle, though individual complex leakage was not 
measured. In that study, a single sire was used, so genetic variation was not large. In contrast, a 
poultry study (Bottje et al., 2002) utilized the top and bottom 16.6% of birds with measured 
feed efficiency to compare mitochondria function of the two groups (0.83 to 0.64 gain/g feed 
high to low feed efficiency, P < 0.0001) and determined more efficient birds had less electron 
leakage from the mitochondria than less efficient birds. This is supported by Pearson 
correlations between our RFI and hydrogen peroxide production data in the current study 
(Table 3) in which mitochondria from less efficient gilt tissue generate more hydrogen peroxide. 
 
Electron transport chain assembly should be considered as a source of variation in the results. 
Both nuclear and mitochondrial DNA control the subunits used to assemble the electron 
transport chain (Anderson et al., 1981; Bottje et al., 2006). What is not known is how 
mitochondrial and nuclear DNA work together to form the electron transport chain. Grubbs et 
al. (2012a) used pigs from the 7th generation of this same selection experiment and 
demonstrated that there may be a shift in mitochondrial protein profile related to oxidative 
stress in the LD. Additionally, further evidence of this shift in oxidative stress and metabolism 
was observed in the STR and liver, with increases in aldehyde dehydrogenase and other 
metabolically important proteins (Grubbs et al., 2012b). These data show electron leakage and 
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ROS formation can be prevalent in mitochondria in muscle and liver tissue from the less 
efficient high RFI line. Additionally, genetic selection, species differences, and metabolic 
capacity of the tissue under consideration may influence mitochondria function and ROS 
production. This model can serve as a platform upon which future research can be done on the 
investigation on the impact of selection for RFI on biological efficiency and energy utilization in 
pigs. 
 
The data presented provide a comparison of mitochondrial function between pigs genetically 
selected for high and low RFI. These data show selection for low RFI in pigs reduces the amount 
of mitochondrial electron leakage and ROS production in muscle. The reason for the difference 
between lines has not be fully elucidated. However, mitochondrial protein profile may provide 
insight into the changes in mitochondrial pathways that influence ROS production (Grubbs et 
al., 2012b). 
 
Implications 
These data indicate there is a reduction in the amount of electron leakage from the 
mitochondria isolated from muscle and liver  of pigs selected for low RFI or improved FE. 
Electron leakage and ROS production from the mitochondria is also tissue dependent. This 
implies that genetic selection to decrease RFI improves mitochondrial coupling and function in 
select tissues and is linked to separate pathways related to tissue physiology. Decreasing ROS 
production could lead to a decrease in oxidative damage to DNA, lipids and proteins leading to 
a decrease mitophagy and protein turnover. This would then contribute to a shift in energy 
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utilization from cellular repair to improved lean growth of pigs, the ultimate goal in improving 
production efficiency. 
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Table 1. Ingredients and chemical composition of the diet (as-fed basis). 
Parameter  
Ingredient, %  
   Corn 80.18 
   Soybean meal, 46.5% 16.72 
   L-Lysine  0.25 
   DL-Methionine  0.01 
   L-Tryptophan  0.05 
   Vitamin-Mineral Premix1  0.30 
   Monocalcium phosphate  1.06 
   Limestone  0.93 
   Salt  0.50 
Calculated composition 
   ME, Mcal/kg    3.32 
   NE, Mcal/kg    2.46 
   DM, % 89.4 
   Crude protein, % 14.7 
   Crude fat, %  3.6 
   Crude fiber, %  2.6 
   SID Lysine, %    0.80 
   Available Phosphorus, %    0.28 
1 Supplied per kilogram of diet: vitamin A, 8364 IU; vitamin D3, 1533 IU; vitamin E, 45 IU; 
vitamin K, 2.2 IU; choline, 6.5 mg; riboflavin, 4.2 mg; niacin, 21 mg; pantothenic acid, 17 mg; 
vitamin B-12, 28 mcg; biotin, 1.6 mcg; folic acid, 0.0005 mg; Zn, 112 ppm as zinc sulfate and zinc 
oxide; Mn, 54 ppm as manganous oxide; Fe, 145 ppm as ferrous carbonate and ferrous sulfate; 
Cu, 20 ppm as copper chloride; I, 0.76 ppm as ethylenediamine dihydriodide; Se, 0.25 ppm as 
sodium selenite. 
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Table 2. Growth and performance data on pigs (n = 8 per line) genetically selected for low and 
high residual feed intake (RFI) during the testing period. 
  Low RFI High RFI SEMa P-Value 
 n = 8 n = 8   
Performance data     
   Off Test BW (kg) 94.2 98.3 3.33 0.238 
   Ultrasound Backfat (mm) 13.0 16.7 1.68 0.043 
   LEAc (cm2) 27.2 24.9 1.39 0.11 
   ADFI (kg/d)    1.60    1.86   0.101 0.0175 
   ADG (kg/d)      0.739      0.754   0.034 0.67 
   Gain:Feed    0.47    0.41   0.024 0.0167 
     
Calculated RFI (kg/d) b     
   Average index within line -0.138 0.032  < 0.001 
   Highest index within line 0.152 0.244   
   Lowest index within line -0.326 -0.136   
aStandard error of the means 
bResidual feed intake (RFI) index = adfi-β1(ontest wt deviation)+β2(offtest wt 
deviation)+β3(metabolic mid-wt)+β4(adg)+β5(offtest backfat) 
c Loin eye area = LEA 
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Table 3. Selected Pearson Correlation Coefficients for hydrogen peroxide production from 
mitochondria isolated from the Longissimus dorsi and the Semitendinosus, white portion. 
Treatments were whole electron transport (Whole), Complex I inhibition (I) with rotenone, 
Complex II inhibition (II) with 4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione , Complex III 
inhibition (III) with antimycin A, and combinations. (n = 8 per line) 
 Longissimus Dorsi, glutamate  
 Whole ET I II III I and III I and II 
RFI Index 0.493 0.495 0.385 0.351 0.437 0.357 
P-Value 0.052 0.052 0.14 0.18 0.091 0.18 
       
 Longissimus Dorsi, succinate 
 I I and II I and III I, II, and III   
RFI Index .423 0.451 0.403 0.418   
P-Value 0.10 0.079 0.12 0.11   
       
 Semitendinosus, white portion, succinate 
RFI Index 0.350 0.351 0.460 0.537   
P-Value 0.17 0.19 0.073 0.32   
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Table 4. Hydrogen peroxide production in selected tissues using succinate as an energy source 
for complex II of electron transport. Rotenone was added to prevent blackflow of electrons into 
complex I. Addition inhibitors used included 4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione for 
complex II and anitmycin A for complex III or a combination of the three. (n = 8 per line) 
 
 
H2O2 Production 
(nmol/mg protein/min) 
  
Complex High RFI Low RFI SEMa P-Value  
 Longissimus Dorsi 
I 7.68 6.10 2.41 0.53 
I and II 7.87 5.70 2.10 0.41 
I and III 17.27 14.41 5.31 0.61 
I, II, and III 18.07 15.14 5.50 0.61 
     
 Semitendinosus, Red Portion 
I 20.07 13.41 3.24 0.085 
I and II 21.39 13.16 3.05 0.035 
I and III 53.68 43.53 8.82 0.29 
I, II, and III 56.78 47.04 9.76 0.36 
     
 Semitendinosus, White Portion 
I 11.11 7.58 1.79 0.096 
I and II 11.34 7.59 1.84 0.087 
I and III 21.44 14.01 2.12 0.013 
I, II, and III 22.57 14.91 2.46 0.021 
     
 Liver 
I 60.37 55.78 8.19 0.60 
I and II 33.44 34.56 9.35 0.91 
I and III 35.85 38.16 5.67 0.70 
I, II, and III 24.50 31.03 6.13 0.33 
a Standard error of the means 
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Figure 1. Mitochondrial yield from individual tissues, measured in mg of mitochondria per g of 
tissue used in the extraction. Longissimus dorsi (LD), liver, red portion of the semitendinosus, 
and the white portion of the semitendinosus. No differences between lines in extractable 
mitochondrial protein (P > 0.15).  
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Figure 2. Comparison of hydrogen peroxide (H2O2) production rate in mitochondria from 
longissimus dorsia of pigs (n = 8 per line) divergently selected for residual feed intake (RFI). 
Glutamate provided as an energy source. No inhibition (NI) along with rotenone to block 
Complex I (I), 4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione to block complex II (II), anitmycin A 
to block complex III (III), and rotenone and antimycin A (I and III), rotenone and TTFA (I and II). 
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Figure 3. Comparison of hydrogen peroxide (H2O2) production rate in mitochondria from 
semitendinosusa red portion of pigs (n = 8 per line) divergently selected for residual feed intake 
(RFI). Glutamate provided as an energy source. No inhibition (NI) along with rotenone to block 
Complex I (I), 4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione to block complex II (II), anitmycin A 
to block complex III (III), and rotenone and antimycin A (I and III), rotenone and TTFA (I and II). 
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Figure 4. Comparison of hydrogen peroxide (H2O2) production rate in mitochondria from 
semitendinosusa white portion of pigs (n = 8 per line) divergently selected for residual feed 
intake (RFI). Glutamate provided as an energy source. No inhibition (NI) along with rotenone to 
block Complex I (I), 4,4,4-trifluoro-1-[2-thienyl]-1,3-butanedione to block complex II (II), 
anitmycin A to block complex III (III), and rotenone and antimycin A (I and III), rotenone and 
TTFA (I and II).* P ≤ 0.05 
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Figure 5. Comparison of hydrogen peroxide (H2O2) production rate in mitochondria from liver
a 
of pigs (n = 8 per line) divergently selected for residual feed intake (RFI). Glutamate provided as 
an energy source. No inhibition (NI) along with rotenone to block Complex I (I), 4,4,4-trifluoro-
1-[2-thienyl]-1,3-butanedione to block complex II (II), anitmycin A to block complex III (III), and 
rotenone and antimycin A (I and III), rotenone and TTFA (I and II). 
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CHAPTER 5. INFLUENCE OF RESIDUAL FEED INTAKE ON MITOCHONDRIA PROTEIN PROTEIN IN 
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Highlights: 
 Genetic selection for RFI may influence mitochondria protein profile 
 Enzymes in the TCA Cycle may be increased in abundance in low RFI pigs 
 The overall abundance of ATP Synthase may be impacted by RFI 
 
Keywords: 2D-DIGE, mitochondria, residual feed intake, metabolism 
Abstract 
Genetic selection for residual feed intake (RFI) can be used as a model to elucidate molecular 
differences between efficient and less efficient animals. The main objective of this study was to 
determine the impact of genetic selection for RFI and phenotypic differences of RFI on the 
protein profile of mitochondria. Mitochondria were isolated from the longissimus dorsi (LD) 
muscle and the liver from pigs (n = 18, 9 per high or low RFI line). Mitochondria protein 
abundance differences between lines and phenotypes were determined using 2-D difference in 
gel electrophoresis (pH 4-7, 11 cm strips). Spots affected by RFI genotype or phenotype were 
identified using electrospray ionization mass spectroscopy. In mitochondria from the liver, the 
beta subunit of ATP synthase, heat shock protein (HSP) 60, and HSP70, were identified as being 
increased in the low RFI line (23 - 50%, P < 0.1). No differences in liver mitochondrial protein 
profile were observed in the phenotypic comparisons with the exception of a decrease in 
aldehyde dehydrogenase in the low RFI phenotype pigs. Mitochondria isolated from the LD 
were found to have few significant protein profile differences in the between line comparison. 
These data indicate genetic selection for RFI tends to result in a tissue specific consistent 
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change in mitochondrial protein profile, while differences in RFI phenotype are not consistently 
associated with an altered protein profile in the mitochondria. 
1. Introduction                                                                                                                                                                                                                                                                                                                                                                                        
The efficient conversion of dietary energy consumed by an animal to meat is controlled by a 
complex network of pathways. More thorough and accurate descriptions of these pathways is 
necessary to develop methods to more efficiently use natural resources. Pork is the most 
abundantly consumed meat worldwide. Improvement in the efficiency of pork production 
stands to benefit a large segment of the world population, both in developed and developing 
countries because meat provides an excellent source of dietary nutrients including protein, B-
Vitamins, and other micronutrients [1-2]. Two lines of Yorkshire pigs that have been divergently 
selected for residual feed intake (RFI) [3] was utilized as a model to elucidate some of these 
biological differences in feed efficiency. RFI is a measure of production efficiency calculated by 
determining the difference between an individual animal’s observed feed intake and expected 
feed intake for a given rate of growth [3-4]. Animals with a low RFI consume less feed than 
expected while maintaining similar growth performance and back fat compared to high RFI pigs. 
Therefore, low RFI pigs are more feed efficient than their high RFI counterparts. By selecting for 
low RFI, the efficiency of swine operations can be improved [4-5].   
 
Animal activity, feed digestibility, protein turnover, and cellular processes like protein turnover 
and maintenance likely account for a majority of feed efficiency differences in swine and other 
livestock species [6-7]. The mitochondria may contribute to a number of these factors, 
specifically cellular processes, and thus feed efficiency. Mitochondria are responsible for 90% of 
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ATP production in the body. Modification of mitochondrial protein profile may improve or 
impair mitochondrial functionality and influence dietary energy utilization and oxidative stress. 
Oxidative stress in the mitochondria is due primarily to electron leakage which leads to the 
production of ROS [8]. Excessive amounts of ROS can lead to cellular damage [9]. Proteins and 
cells damaged by oxidation are frequently designated to degradation pathways such as the 
proteasome [10-11]. Regardless of either repair or degradation, damage by ROS is a 
metabolically expensive process. Identifying proteins in these metabolically expensive 
processes may indicate the location of the observed phenotypic differences between low and 
high RFI pigs. 
 
Variation in RFI phenotype within lines presents challenges when attempting to elucidate 
molecular differences in RFI [12-13]. Understanding these differences between genetically 
selected pigs and their RFI phenotype could be of value in the use of RFI as a model for 
efficiency selection. There are three objectives for this project. The first objective was to 
establish the extent to which the mitochondrial protein profile of liver and muscle differs 
between lines of pigs genetically selected  for RFI. Our second objective was to establish how 
phenotypic differences in RFI - irrespective of selection line - impacts mitochondrial protein 
profile from the liver and longissimus dorsi. Our third objective was to determine the extent to 
which RFI phenotype within a genetically selected line affects mitochondrial protein profile. 
Two-dimensional difference in gel electrophoresis (2D-DIGE) and MALDI-TOF mass 
spectroscopy was used to examine the differences in protein profile of mitochondria from 
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animals within four experimental designs using pigs genetically selected for low and high RFI 
from the Iowa State RFI Selection Project [3]. 
 
2. Materials and Methods 
2.1. Animals 
All animals were treated in accordance with procedures approved by the Iowa State University 
Animal Care and Use Committee (1-11-7058-S). Nine high RFI and 9 low RFI pigs from the 8th 
generation of the Iowa State University RFI selection project were used in this experiment. All 
pigs were feed a standard corn-soybean-DDGS diet that met or exceeded NRC (1998) nutrient 
and energy requirements for this size pig, diet and overall performance were reported 
previously [14]. Growth and performance data were analyzed using the Proc Mixed procedure 
in SAS [15] with a fixed effect of RFI line or group and a random effect of harvest day. 
 
2.2. Tissue Collection and Mitochondria Isolation 
All pigs were euthanized at the end of the 12 week experimental period in pairs (n = 1 per line) 
over 9 days (BW = 96.3 ± 3.3 kg). A section of the longissimus dorsi (LD) from the lumbar region 
and a portion of the liver were collected and placed on ice for transport back to the laboratory 
(1 hour postmortem). Liver was first washed in PBS to facilitates blood removal.  
 
Mitochondria were isolated via differential centrifugation as previously described [16-18] with 
modifications. Briefly, 80g of each tissue were homogenized in 5 volumes of Buffer A (220 mM 
Mannitol, 70 mM Sucrose, 2 mM HEPES, 1 mM EGTA and 0.5 mg/mL fatty acid free BSA, pH 
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7.4). The slurry was centrifuged and pellet reserved (twice at 600 x g for 10 minutes). The 
supernatant was strained through twice folded cheesecloth after each centrifugation. 
Mitochondrial pellets were formed by centrifuging at 7,750 x g for 20 minutes, the supernatant 
was decanted, and pellets were washed three times with Buffer B (220 mM Mannitol, 70 mM 
Sucrose, 2 mM HEPES, and 0.5 mg/mL fatty acid free BSA, pH 7.0). Washed mitochondria were 
suspended in 2-3 mls of Buffer B. A modified Lowry protein assay [19] was performed to 
determine protein concentration (BioRad Laboratories, Hercules, CA). Mitochondria were 
placed into 2 mg aliquots, frozen in liquid nitrogen, and stored at -80 °C until use. 
 
2.3. Protein Solubilization 
Aliquots of mitochondria were thawed on ice and centrifuged to pellet the mitochondria. The 
supernatant was discarded and 200 μL of the extraction buffer was added to the pellet (8.3 M 
urea, 2 M thiourea, 2% CHAPS, and 1% DTT at pH 8.5). Crude mitochondria pellets with 
extraction buffer was then vortexed vigorously for 30 minutes at 4 °C. Samples were 
centrifuged at 10,000 x g for 30 minutes. The supernatant was then reserved and the protein 
concentrations of the supernatant were determined using a Bradford Quick Start protein assay 
(Bio-Rad, Hercules, CA). The samples were adjusted to a final protein concentration of 8 mg/ml 
using the extraction buffer. 
 
2.4. 2-D DIGE 
Two-dimensional DIGE was used to determine differences in protein profile for four separate 
comparisons, between line (BRFI), RFI phenotype (PRFI), RFI phenotype within the high RFI line 
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(HRFI), and RFI phenotype within the low RFI line (LRFI) for each muscle or tissue (Table 1). 
Procedures outlined previously [20-21] were followed, with minor modifications. For each 
comparison a pooled reference sample was created from an equal amount of all the samples 
for a particular tissue or muscle in that comparison. For protein identification gels, equal 
volumes of all the samples were combined to create a standard. 
 
A total of 50 μg of each individual sample was labeled with CyDyes 3 or 5 (GE Healthcare, 
Piscataway, NJ) according to the manufacturer’s directions. CyDyes were alternated between 
low and high RFI labels depending on the experimental design. CyDye 2 was used to label the 
pooled standard sample for each design. For each individual run, 15 μg of labeled protein from 
a high and low RFI sample were used in addition to the pooled standard (CyDye 2) for a total of 
45 µg of protein per gel. DeStreak Rehydration Solution (GE Healthcare, Piscataway, NJ) with 
2.5 mM DTT was added to the protein mixture to the volume specified by strip manufacturer 
(200 μL). The protein mixture was added to individual wells in a reswelling tray and an 
immobilized pH gradient (IPG) strips  (11 cm pH 4-7) (GE Healthcare, Piscataway, NJ) was placed 
on top of the mixture and allowed to rehydrate overnight at room temperature in a humidified 
chamber. Isoelectric focusing was performed on an Ettan IPGphor isoelectric focusing system 
(GE Healthcare, Piscataway, NJ) for a total of 14,500 V h. After isoelectric focusing, strips were 
equilibrated using two 15 min washes, first with equilibration buffer (50 mM Tris-HCl pH 8.8, 6 
M urea, 30% glycerol, 2% SDS, and trace amounts of bromophenol blue) with 65 mM DTT and 
second with equilibration buffer with 135 mM iodoacetamide. 
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Equilibrated strips were loaded onto 12.5% SDS-PAGE gels (acrylamide: N,N’-bis-methylene 
acrylamide 100:1, 0.1% SDS, 0.05% TEMED, 0.05% ammonium persulfate, and 0.5 M Tris-HCL, 
pH 8.8) using agarose as an overlay. Samples were run on an Ettan DALT SIX system (GE 
Healthcare, Piscataway, NJ) using 24 cm gels placing two 11 cm strips on each gel. Each gel was 
run in duplicate, separate isoelectric focusing steps and SDS-PAGE steps were used.  Gels were 
imaged using an Ettan DIGE Imager (GE Healthcare, Piscataway, NJ). Images were processed 
and analyzed using DeCyder 2D software version 6.5 (GE Healthcare, Piscataway, NJ). 
 
Spots determined to be different in each comparison were selected for identification. 
Unlabeled pooled protein references from each tissue (750 μg) were resolved using 2DE and 
stained with Colloidal Coomassie Blue Stain (1.7% ammonium sulfate, 30% methanol, 3% 
phosphoric acid, and 0.1% Coomassie G-250) for a minimum of 24 hours prior to destaining in 
water for a minimum of 24 hours. All reagents and buffers used during the protein 
identification step were filtered (0.22 μm) prior to use to reduce potential contamination. Each 
identification gel was run in duplicate and selected spots from both gels were combined into a 
single sample for protein identification. Selected spots were excised and sent to the Iowa State 
University Protein Facility for identification. In-gel trypsin or Lys C endopeptidase digest using 
Genomics Solution ProGest (Chelmsford, MA) was performed. Peptides were dissolved in CHCA 
(5 mg/ml in 50% CH3CN/0.1% TFA) and deposited to a MALDI target. MALDI Mass Spectrometry 
was performed using a QSTAR XL Quadrupole TOF mass spectrometer equipped with an 
oMALDI ion source (AB/MDS Sciex, Toronto, Canada). Peak list were generated by Analyst QS 
Version 1.1 (AB/MDS Sciex, Toronto, Canada). Spectra were processed by MASCOT database 
118 
 
 
 
search Version 2.2.07 (MatrixScience, London, UK). Search conditions included maximum one 
missed cleavage, fixed modification (carboxyamidomethyl cysteine), variable modification 
(oxidation of methionine), peptide mass tolerance of ±100 ppm, and fragment mass tolerances 
of ± 1 Da. Identification was based on Mowse Score with a threshold of less than 0.05. (Tables 2 
and 3) A minimum of 3 peptides were required to confirm the identity of a protein and to be 
considered for discussion. Proteins not meeting these criteria are included but not discussed in 
the context of RFI. 
 
3. Results 
3.1 Growth and Performance 
Growth and performance data were collected and analyzed according to the four comparisons, 
reported in Table 4 (BRFI, PRFI, HRFI, and LRFI). In the BRFI comparison, RFI was significantly 
lower in the low RFI line when compared to the high RFI line. (-0.15 and 0.029 ± 0.07 low and 
high RFI lines respectively, P < 0.02). ADG and ADFI were also increased in the high RFI line (P < 
0.05). The other comparisons PRFI, HRFI, and LRFI, revealed similar results with RFI Index and 
ADFI being greater in the high RFI pigs in all cases. There were no differences in final BW across 
all four comparisons (P > 0.05). 
 
3.2 Identified proteins 
In the LD protein spots observed to be different in at least one comparison included desmin, 
alpha-actin,  HSP70, and subunit 1 of the cytochrome bc1 complex (Figure 1, Table 2). Proteins 
observed to be different in at least one comparison in the liver included mitochondrial HSP70, 
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HSP60, ATP Synthase subunit β, lactate dehydrogenase, and Acyl CoA dehydrogenase in the 
liver (Figure 2, Table 3). 
 
3.3 Between RFI Lines 
In the BRFI comparison no significant LD mitochondrial protein profile differences were 
observed. Proteins observed to be different in the liver included mitochondrial HSP70, HSP60, 
ATP Synthase subunit β, lactate dehydrogenase, and Acyl CoA dehydrogenase in the liver 
(Figure 2, Table 3). In the BRFI analysis, all of these proteins were observed to be increased 
between 18% and 50% in the mitochondria from the more efficient low RFI line. These 
differences were not observed in the other three comparisons: RFI phenotype irrespective of 
line, RFI phenotype within high RFI line, and RFI phenotype within low RFI line. This indicated 
genetic selection for RFI results in a more consistent mitochondria protein profile when 
compared to just RFI phenotype. Of the mitochondrial protein profile differences observed in 
the BRFI comparison, all came from the liver mitochondria.  
 
The beta subunit of ATP synthase was identified in a total of three spots (13, 14, and 15). All 
three identified spots were more abundant in the low RFI animals in the BRFI comparison (23-
37%, P < 0.01). Multiple spots were also identified as HSP60 (3 spots, 11, 12, and 12.1), HSP70 
(spots 1 and 2), and aldehyde dehydrogenase (spots 20 and 23) (Figure 2). All three spots 
identified as HSP60 were more abundant in the low RFI line compared to the high RFI line. The 
most basic identified spot of HSP60 (spot 11) was 30% more abundant (P = 0.077), spot 12 was 
47% more abundant (P = 0.027), and spot 12.1 (the most acidic spot) was 50% more abundant 
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(P = 0.029) in the comparison of the low RFI line liver mitochondria to high RFI line. A similar 
trend was seen in the two spots identified as HSP70. Spot 1 was 18% more abundant in the low 
RFI line liver mitochondria (P = 0.071) and spot 2 was determined to be 30% more abundant in 
(P = 0.017) in the low RFI line compared to the high RFI line. The two spots identified as 
aldehyde dehydrogenase were increased in abundance in the low RFI line by 34% (spot 20)  and 
26% (spot 23)(P = 0.41 and 0.088, respectively). In addition to the multiple spots of similar 
proteins identified, a single spot of medium chain acyl-CoA dehydrogenase was identified and 
was more abundant (24%) in the mitochondria from the liver in the low RFI line when 
compared to the high RFI line (P = 0.01). 
 
3.4 RFI Phenotypic Differences 
No significant differences in the protein profile of the mitochondria from the LD were observed 
in the proteins identified from spots in the PRFI comparison. The only difference observed with 
respect to the spots identified from liver mitochondria in the PRFI comparison was in aldehyde 
dehydrogenase.  One of two identified spots of aldehyde dehydrogenase was decreased in 
abundance in the low RFI phenotype pigs compared to the high RFI phenotype pigs (Spot 23, 
32%, P < 0.05).  
 
3.5 Within High RFI Line 
Within the LD mitochondria HRFI comparison, both desmin and annexin were found to be 
different in abundance. Desmin was more abundant in LD mitochondria from low RFI 
phenotype pigs when compared to the high RFI phenotype pigs (68%, P = 0.009). Annexin was 
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determined to be decreased in abundance in the low RFI phenotype pigs when compared to the 
high RFI phenotype pigs (-31%, P = 0.013). In the mitochondria isolated from the liver, no 
differences in protein expression were observed in the proteins identified. 
 
3.6 Low RFI Line 
The LRFI comparison of high and low phenotype individuals yielded the greatest number of 
spots with differing abundances in mitochondria from the LD muscle. Alpha actin and two spots 
identified as HSP70 were more abundant in the mitochondria from the LD in the low RFI 
phenotype pigs (58, 51, and 42% respectively, P < 0.05). There was also a tendency for 
cytochrome bc1, subunit 1, to be decreased in expression in the low RFI phenotype pigs when 
compared to the high RFI phenotype in the comparison within the low RFI line (43%, P = 0.087). 
No differences in protein expression in the identified proteins were observed in the 
mitochondria from the liver. 
 
4. Discussion 
The differences in growth performance reported in these comparisons are consistent with 
previously published results from this same line of pigs [3, 13, 18, 22] and other genetic 
selection projects [5, 23]. Phenotypic differences in RFI without genetic selection for RFI have 
also been reported in cattle [8, 24]. The differentiation between genetically selected RFI lines 
and phenotypic RFI data is important and can be used to understand the molecular and cellular 
differences between high and low RFI animals. These factors include nutrient digestibility, 
protein turnover, environment, and cellular processes. An example of these differences is 
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observed in two separate studies utilizing RFI measurement in beef cattle. The first study 
utilized cattle from a single generation of genetic selection [25] and the other utilized only RFI 
phenotype in a randomly selected group [24]. No protein profile data were collected, however, 
12th rib fat depth was significantly decreased in the low RFI line in the genetic selection project. 
These differences in fat depth may represent changes in the molecular machinery and 
pathways responsible for adipogenesis. Conversely, 12th rib fat depth was not different in the 
random selection project. A greater amount of biological variation may account for the lack of 
differences observed in the phenotypic RFI comparison. A similar type difference in back fat 
were observed in this study. In the BRFI analysis in mitochondria from the liver, all of the 
identified spots were 18-50% more abundant in the more efficient low RFI line. These 
differences were not observed in the other three comparisons of RFI phenotype irrespective of 
line, within the high RFI line, and within the low RFI line. These observations indicate there may 
be a more consistent mitochondrial profile shift in pigs genetically selected for RFI. Evidence for 
this consistency is observe in the standard errors for the protein abundance in the BRFI and 
PRFI comparisons . The standard errors for normalized abundance for spot 12.1 in the PRFI 
comparison were 0.47 and 0.62, in the high and low RFI group, respectively. In the BRFI 
comparison the standard errors for normalized abundance for spot 12.1 was 0.38 for both the 
low and high RFI lines. A similar trend was observed for spot 15. In both cases (spot 12.1 and 
15) the protein was significantly more abundant in the low RFI line in the BRFI comparison and 
not different in the PRFI comparison.   
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This project utilized the second parity of the eighth generation of selection for low RFI. 
Selection for high RFI line began after the 5th generation of selection for low RFI. Prior to the 5th 
generation the high RFI group was a randomly selected control group meaning genetic selection 
for high RFI lags 5 generations behind the selection for low RFI. This 5 generation difference in 
selection provides for the lack of difference from zero observed in the high RFI line (0.029 kg/d) 
when compared to the low RFI line (-0.15 kg/d). As with previously published reports in genetic 
selection for RFI in pigs, there was no difference in final BW between the lines [13, 23]. A similar 
trend is observed in the three other comparisons using these same animals. These data show 
RFI can be used to maintain growth performance while increasing production efficiency. In 
addition, these data also indicate that genetic selection by line for RFI may be a good model for 
understanding molecular differences in RFI phenotype when compared to single phenotypic 
comparisons. RFI indexes were different in all four comparisons, however, differences in 
protein profile of the mitochondria isolated from the LD and liver across the four comparisons 
were inconsistent.   
 
Heat shock protein 70, subunit 1 of the cytochrome bc1 complex, desmin, and alpha-actin were 
all identified in LD mitochondria. Both spots of HSP70 in the mitochondria from the LD were 
more abundant in the low RFI group in the LRFI comparison (Spots 22 and 23, 51% and 42% 
respectively)(Table 6). HSP70 isoforms are known for their “cytoprotective” effects [26-27]. Low 
levels of HSP70 expression have long been associated with unstressed cells [27]. An increase in 
HSP70 often coincides with an increase in cellular stress.  Alternatively, an increase in HSP70 
expression is thought to enhance the ability to handle an increase in cellular stress. HSP70 
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blocks the activation of the apoptosis protease activation factor (APAF) by binding to the active 
site of APAF [28-29]. By binding APAF the activation of caspase-9 is blocked, inhibiting 
apoptosis. The greater abundance of HSP70 in the mitochondria from the LD in the low RFI 
group in the LRFI comparison indicates pigs with low RFI indices could be more biologically 
prepared to defend against cellular oxidative stress and apoptosis. 
 
The individual spot identified as Cytochrome bc1, subunit 1 tended to be greater in abundance 
in the mitochondria from the LD in the low RFI group in the LRFI comparison (43%, P = 0.087). 
Cytochrome bc1 is also known as Complex III in the electron transport chain and is comprised of 
11 different subunits [30-31]. Of the 11 subunits known, subunit 1, is one of two “core” 
subunits of complex III [30]. An increase in the expression of individual components of 
complexes of electron transport could indicate differences in the ability of electron transport 
chain to efficiently produce ATP. These differences will need to be further explored using a 
technology such as blue native PAGE to fully investigate the entire electron transport chain 
[32]. Blue native page will allow investigation into changes in the complex subunits of electron 
transport.   
 
Desmin was observed to have a greater abundance in the low RFI phenotype within the HRFI 
comparison. Desmin is a skeletal muscle protein and not directly related to mitochondrial 
function. However, desmin has been linked with to the distribution of mitochondria within the 
muscle cell due to mitochondrial interactions with the intermediate filaments [33-34]. 
Mitochondria distribution within the muscle cell may also indicate respiratory function [34]. 
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Therefore, the differences in the abundance of the spot identified as desmin in the HRFI 
comparison may  be pertinent to the discussion of biological efficiency. Potentially, the increase 
in abundance of desmin may influence mitochondrial growth and replication through 
respiration impacting energy usage and biological efficiency. Respiration of the mitochondria 
may be influenced by the distribution of the mitochondria within a tissue. Oxygen supplied 
through the blood is necessary for full electron transport to occur. Unequal distribution of 
mitochondria within a tissue could cause oxygen deprivation in mitochondria dense areas.  
 
In the mitochondria isolated from the liver, the beta subunit of ATP synthase was found to be 
greater in abundance, in all three spots identified, in the BRFI comparison. The beta subunit of 
ATP synthase is located in the F1 stalk and knob that extends into the mitochondria matrix from 
the inner membrane [35]. The main function of the beta subunit in the ATP synthase complex is 
the conversion of ADP to ATP in electron transport chain [35-37]. The beta subunit works in 
conjunction with the alpha subunit to form ATP in a “rotary engine” fashion [36]. The alpha 
subunit of ATP synthase was more abundant in the more efficient low RFI line in mitochondria 
from the red portion of the semitendinosus muscle [18]. The increase in ATP synthase beta 
subunit could indicate an increase in the ability to produce ATP or an increase in overall ATP 
production. Either scenario is consistent with the increase in efficiency observed in the low RFI 
line. The production of more ATP with less dietary energy would increase pork production 
efficiency by decreasing dietary intake. No differences in the expression of the ATP synthase 
subunit beta in the other three comparisons were detected (P = 0.35 - 0.94). These comparisons 
provide important evidence that genetic selection for RFI may provide more information about 
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the molecular differences between RFI lines than phenotypic differences alone. The RFI 
phenotype analysis used the same pigs from the between line comparison, however, the 
experimental design was balanced only by RFI index, irrespective of line. These data indicate 
the protein profile of the genetically selected pigs was more consistent. This consistency allows 
individual proteins or their isoforms to be identified that play a role in RFI. 
 
HSP70, HSP60, and medium chain acyl-CoA dehydrogenase expression were not observed to be 
different in the PRFI comparison. HSP70 was identified in two spots at a similar molecular 
weight in the liver mitochondria. In the BRFI comparison, both spots we increased in the more 
efficient low RFI line (30% and 18%, P = 0.017 and 0.071, respectively). Two individual spots 
(spots 1 and 2, Figure 2) with the same protein identity is an indication of a post translational 
modification (PTM).  HSP are highly conserved across species, between humans and mice there 
is a 98.4% homology between mitochondrial HSP70 (GRP75_Mouse and GRP75_Human). The 
mitochondrial isoform of HSP70 has not been sequenced in the pigs. However, with the high 
degree of homology and the ample characterization in other species, potential PTM can be 
suggested. Future experiments should address the impact PTM have on HSP70 activity and 
function. Several phosphorylation modifications of HSP70 are known to exist in humans, mice, 
and hamsters. In humans, a phosphoserine at residue 200 as well as a phosphotyrosine at 
residue 568 provides evidence of phosphorylation of HSP70 in pigs. Phosphorylation will have 
minimal impact on the overall molecular weight of a protein, however, as a protein becomes 
more phosphorylated the pI will decrease. This change in pI could be linked to changes in 
function or activity as observed in other pathways. 
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Potential PTM were observed in HSP60. HSP60 has long been suggested to play an anti-
apoptotic role in the cell [38]. A total of three spots were identified as HSP60, all increased in 
the low RFI line in the BRFI comparison. This may indicate mitochondria from the liver in the 
more efficient low RFI line may be better suited to handle stress and limit apoptosis and 
mitophagy. HSP60, like HSP70 is also highly conserved across species and has yet to be 
sequenced in the pig. In this study HSP60 from homo sapiens (spot 12) and gallus gallus (spots 
11 and 12.1) was identified. The homology between these two species is 94%. Several 
phosphorylations of HSP60 have been reported in humans, phosphoserine at residue 70, and 
two phosphotyrosines at residues 223 and 227. These modifications indicate multiple spots 
depending upon number of phosphorylations could be present. Multiple spots of each ATP 
synthase beta subunit, HSP70 and HSP60 were identified in this study. Previous studies have 
determined functional difference in phosphorylation impacts the roles these proteins have in 
the cell. Phosphorylation of ATP synthase beta subunit which has been implicated in the control 
of ATP synthesis in type 2 diabetes [39]. Future studies should focus on PTM’s of the proteins 
identified in this project in an effort to provide valuable insight into the molecular differences 
between pigs genetically selected for high and low RFI.  
6. Conclusion 
Genetic selection for RFI is a model that allows researchers to elucidate some of the biological 
differences in feed efficiency. The four comparisons made in this study provide evidence that 
genetic selection for RFI impacts both growth performance and mitochondrial protein profile. In 
the BRFI comparison, genetic RFI lines were found to impact RFI phenotype as well as 
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mitochondrial protein profile. Conversely, the other comparisons indicated limited differences 
in protein profile while a similar difference in RFI phenotype was observed. These data indicate 
genetic selection for RFI and phenotypic differences of RFI impact the protein profile of 
mitochondria in different ways. Less variation in genetically selected animals coupled with 
changes in factors such as environment, nutrient digestibility, and metabolic pathways could be 
responsible for the differences between lines. Future studies should focus on the differences 
between the molecular and phenotypic aspects of genetic selection for RFI. 
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Figure 1) A representative 2-D DIGE gel, from the longissimus dorsi mitochondrial fraction 
showing identified proteins (Table 2). A total of 45 µg of CyDye labeled protein (15 µg of each 
CyDyes 2, 3, and 5) was loaded onto a 11 cm pH 4-7 IPG strip for the first dimension and the 
second dimension was run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye 3 are shown. 
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Figure 2) A representative 2-D DIGE gel, from the liver mitochondrial fraction showing identified 
proteins (Table 2). A total of 45 µg of CyDye labeled protein (15 µg of each CyDyes 2, 3, and 5) 
was loaded onto a 11 cm pH 4-7 IPG strip for the first dimension and the second dimension was 
run on a 12.5% SDS-PAGE gel. Proteins labeled with CyDye 3 are shown. 
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Table 1: Four comparisons using pigs genetically selected for residual feed intake (RFI). A total 
of 18 pigs (n = 9 per line) were allocated according to the comparison. The RFI phenotype 
comparison balanced individual animal RFI index irrespective of genetic selection line. The 
between line comparison used both genetic line and RFI index to balance the comparison. In 
the high RFI and low RFI comparisons only the corresponding  genetic line was used along with 
RFI indexes.  RFI index differences are reported per pair. 
RFI Phenotype (PRFI) 
n = 9 per group 
 Between Line (BRFI) 
n = 9 per group 
   Gel 
Pairing 
Type Pig Number 
RFI Pair 
Diff. 
 Gel 
Pairing 
Type Pig Number 
RFI Pair 
Diff. 
1 
Low S569 
-0.215 
 
1 
Low S569 
-0.215 
High C17  High C17 
2 
Low S23 
-0.275 
 
5 
Low S10 
-0.214 
High S22  High C970 
3 
Low C142 
-0.283 
 
6 
Low C575 
-0.288 
High C46  High S44 
4 
Low S969 
-0.235 
 
8 
Low S20 
-0.299 
High S47  High C48 
5 
Low S10 
-0.214 
 
9 
Low S974 
-0.366 
High C970  High C138 
6 
Low C575 
-0.288 
 
14 
Low S23 
-0.309 
High S44  High C46 
7 
Low C821 
-0.287 
 
15 
Low S22 
0.250 
High C11  High C142 
8 
Low S20 
-0.299 
 
16 
Low S969 
-0.060 
High C48  High C821 
9 
Low S974 
-0.366 
 
17 
Low S47 
-0.112 
High C138  High C11 
 
High RFI (HRFI) 
n = 4 per group 
 Low RFI (LRFI) 
n = 4 per group 
3 
Low C142 
-0.283 
 
2 
Low S23 
-0.275 
High C46  High S22 
7 
Low C821 
-0.287 
 
4 
Low S969 
-0.235 
High C11  High S47 
12 
Low C17 
-0.282 
 
10 
Low S569 
-0.205 
High C48  High S974 
13 
Low C575 
-0.197 
 
11 
Low S20 
-0.281 
High C970  High S44 
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Table 2: Longissimus dorsi proteins identified with individual peptides and Mowse Score.  
Enzyme 
Spot 
ID 
Protein ID Species Accession pI 
Mass 
(kDa) 
Coverage 
% 
Peptides 
Mowse 
Score 
Trypsin 5 Desmin Sus scrofa P02540 5.21 53.7 9 
 R.TSGGAGGLGPLR.A 
  R.INLPIQTFSALNFR.E 
 R.TFGGAPSFPLGSPLSSPVFPR.A 
101 
Trypsin 12 Annexin A6 
Homo 
sapiens 
P08133 5.42 76.2 2 
 K.ALIEILATR.T 
 R.STPEYFAER.L 
55 
Trypsin 16 
Alpha, actin 
skeletal muscle 
Sus scrofa P68137 5.23 42.4 14 
 K.AGFAGDDAPR.A 
 R.AVFPSIVGRPR.H 
 K.SYELPDGQVITIGNER.F 
 R.VAPEEHPTLLTEAPLNPK.A 
146 
Trypsin 22 
Heat shock 70 kDa 
protein 8 
Bos Tarus P19120 5.37 71.4 4 
 R.ARFEELNADLFR.G 
 K.TVTNAVVTVPAYFNDSQR.Q 
48 
Trypsin 23 
Heat shock 70 kDa 
protein 8 
Bos Tarus P19120 5.37 71.4 5 
 K.DAGTIAGLNVLR.I 
 R.ARFEELNADLFR.G 
 R.TTPSYVAFTDTER.L 
91 
Trypsin 25 
Predicted: 
Cytochrome b-c1 
complex subunit 1, 
mitochondrial 
Sus scrofa gi|335299041 5.76 53.3 5 
 R.MVLAAAGGVEHR.Q + Oxidation 
(M) 
 R.ADLTEYVSQHYKAPR.M 
87 
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Table 3: Liver proteins identified with individual peptides and Mowse Score.  
Enzyme 
Spot 
ID 
Protein ID Species Accession pI 
Mass 
(kDa) 
Coverage 
% 
Peptides 
Mowse 
Score 
Trypsin 1 
Predicted: Heat 
Shock Protein 70 
Sus scrofa gi|311250237 5.81 73.9 11 
 K.DAGQISGLNVLR.V 
 K.VQQTVQDLFGR.A 
 R.TTPSVVAFTADGER.L 
 R.AQFEGIVTDLIKR.T 
 K.LLGQFTLVGIPPAPR.G 
 K.NAVITVPAYFNDSQR.Q 
305 
Trypsin 2 
Heat Shock 70 kDa 
protein 9 
Mesocricetus 
auratus 
gi|298351697 4.89 40.6 22 
 K.DAGQISGLNVLR.S 
 R.VQQTVQDLFGR.A 
 R.TTPSVVAFTADGER.Q 
 R.AQFEGIVTDLIKR.A 
 R.VQQTVQDLFGRAPSK.S 
 K.NAVITVPAYFNDSQR.Q 
 R.QAVTNPNNTFYATKR.R 
313 
LysC 11 
60 kDa Heat Shock 
Protein, 
mitochondrial 
Gallus gallus Q5ZL72 5.72 61.1 4 
 K.APGFGDNRK.N 
 K.GRTVIIEQSWGSPK.V 
52 
LysC 12 
60 kDa Heat Shock 
Protein, 
mitochondrial 
Homo 
sapiens 
P10809 5.70 61.1 7 
 K.GRTVIIEQSWGSPK.V 
 K.CEFQDAYVLLSEK.K 
 K.FDRGYISPYFINTSK.G 
102 
LysC 12.1 
60 kDa Heat Shock 
Protein, 
mitochondrial 
Gallus gallus Q5ZL72 5.72 61.1 7 
 K.LNERLAK.L 
 K.APGFGDNRK.N 
 K.NAGVEGSLIVEK.I 
 K.GRTVIIEQSWGSPK.V 
95 
Trypsin 14 
ATP Synthase beta 
subunit 
Rattus 
norvegicus 
gi|1374715 4.92 51.2 17 
 K.AHGGYSVFAGVGER.T 
 K.VALVYGQMNEPPGAR.A + 
Oxidation (M) 
 R.LVLEVAQHLGESTVR.T 
 K.VLDSGAPIKIPVGPETLGR.I 
 R.AIAELGIYPAVDPLDSTSR.I 
345 
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Table 3: Continued. 
Trypsin 13 
ATP Synthase beta 
subunit 
Bos Tarus P00829 5.15 56.2 26 
 R.IPVGPETLGR.I 
 K.VVDLLAPYAK.G 
 R.IMNVIGEPIDER.G 
 K.AHGGYSVFAGVGER.T 
 R.FTQAGSEVSALLGR.I 
 R.VALTGLTVAEYFR.D 
 K.VALVYGQMNEPPGAR.A 
 K.VALVYGQMNEPPGAR.A + 
Oxidation (M) 
 R.LVLEVAQHLGESTVR.T 
 R.DQEGQDVLLFIDNIFR.F 
 R.AIAELGIYPAVDPLDSTSR.I 
522 
Trypsin 15 
Mitochondrial ATP 
Synthase H+ 
transporting F1 
complex beta 
subunit 
Sus scrofa gi|89574051 4.99 47.1 26 
 K.AHGGYSVFAGVGER.T 
 K.VALVYGQMNEPPGAR.A 
 K.VALVYGQMNEPPGAR.A + 
Oxidation (M) 
 R.LVLEVAQHLGESTVR.T 
 R.IMDPNIVGSEHYDVAR.G 
 K.VLDSGAPIKIPVGPETLGR.I 
 R.AIAELGIYPAVDPLDSTSR.I 
 R.FLSQPFQVAEVFTGHLGK.L 
515 
Trypsin 20 
Aldehyde 
dehydrogenase, 
mitochondrial 
Bos tarus P20000 7.55 57.0 8 
 R.VVGNPFDSR.T 
 R.AAFQLGSPWR.R 
 K.TIPIDGDYFSYTR.H 
 R.TFVQEDIYAEFVER.S 
154 
Trypsin 23 
Aldehyde 
Dehydrogenase 
Homo 
sapiens 
P49419 8.21 59.0 12 
 K.IWADIPAPK.R 
 R.MIGGPILPSER.S + Oxidation (M) 
 R.EENEGVYNGSWGGR.G 
 R.RLFIHESIHDEVVNR.L 
 R.GEVITTYCPANNEPIAR.V 
145 
Trypsin 25 
Medium-chain 
specific acyl-CoA 
dehydrogenase 
Sus scrofa P41367 8.51 46.9 8 
 K.ANWYFLLAR.S 
 R.EEIIPVAAEYDR.T 
 K.IYQIYEGTAQIQR.I 
100 
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Table 4) Growth and performance measures within each comparison. 
 RFI Index (kg/d) ADG (kg/d) ADFI (kg/d) Final BW (kg) 
Between Line (BRFI) (n = 9 per line) 
High 0.029 0.752 1.93 97.4 
Low -0.15 0.627 2.36 94.2 
P-Value 0.020 0.045 0.002 0.338 
SEM* 0.07 0.058 0.116 3.22 
     
RFI Phenotype (PRFI) (n = 9 per group) 
High 0.076 0.748 2.38 98.8 
Low -0.197 0.632 1.91 92.9 
P-Value <0.0001 0.067 0.0004 0.065 
SEM* 0.047 0.059 0.106 3.97 
     
High Line (HRFI) (n = 4 per group) 
High 0.097 0.788 2.50 98.6 
Low -0.165 0.728 2.21 97.1 
P-Value 0.003 0.543 0.056 0.77 
SEM* 0.056 0.543 0.12 4.96 
     
Low RFI Line (LRFI) (n = 4 per group) 
High 0.011 0.612 2.10 96.2 
Low -0.238 0.664 1.78 92.5 
P-Value 0.016 0.613 0.17 0.548 
SEM* 0.075 0.097 0.20 5.81 
 
* SEM = standard error of the means 
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Table 5) Comparison of 2-D Difference in Gel Electrophoresis (DIGE) experimental designs in mitochondria isolated from liver 
tissue. 
  Between Line  RFI Phenotype High RFI Line Low RFI Line 
Assigne
d Spot 
Numbe
r 
Protein ID Ratio† P-Value Ratio† P-Value Ratio† P-Value Ratio† P-Value 
Liver Mitochondrial Protein 
1 Heat Shock Protein 70 -1.30 0.017 1.09 0.51 1.10 0.71 -1.20 0.51 
2 Heat Shock Protein 70 -1.18 0.071 1.06 0.55 1.09 0.64 -1.14 0.60 
11 Heat Shock Protein 60 -1.50 0.029 1.04 0.60 1.32 0.47 -1.19 0.61 
12 Heat Shock Protein 60 -1.47 0.027 1.05 0.59 1.28 0.44 -1.46 0.40 
12.1 Heat Shock Protein 60 -1.30 0.077 1.04 0.97 1.25 0.38 -- -- 
13 ATP Synthase Subunit β -1.31 0.007 1.01 0.94 1.22 0.52 1.06 0.81 
14 ATP Synthase Subunit β -1.37 0.002 1.03 0.75 1.27 0.44 -1.05 0.79 
15 ATP Synthase Subunit β -1.23 0.016 1.04 0.67 1.23 0.35 1.03 0.85 
20 
Aldehyde 
Dehydrogenase 
-1.34 0.041 1.06 0.65 1.36 0.29 -1.20 0.57 
23 
Aldehyde 
Dehydrogenase 
-1.26 0.088 1.32 0.041 1.07 0.52 -1.08 0.71 
25 
Medium Chain Acyl-
CoA Dehydrogenase 
-1.24 0.01 1.00 0.97 1.16 0.46 -1.22 0.13 
† Negative values indicate an increase in abundance in the more efficient low RFI line and positive values indicate an increase in 
abundance in the less efficient high RFI line 
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Table 6) Comparison of 2-D Difference in Gel Electrophoresis (DIGE) experimental designs in mitochondria isolated from the 
longissimus dorsi muscle 
  Between Line RFI Phenotype High RFI Line Low RFI Line 
Assigne
d Spot 
Numbe
r 
Protein ID Ratio† P-Value Ratio† P-Value Ratio† P-Value Ratio† P-Value 
5 Desmin 1.16 0.11 1.04 0.61 -1.68 0.009 -1.27 0.18 
12 Annexin 1.10 0.38 1.00 0.93 1.31 0.013 1.27 0.38 
16 Alpha actin 1.07 0.34 -1.14 0.39 -1.30 0.079 -1.58 0.023 
22 Heat Shock Protein 70 -1.01 0.88 1.04 0.91 1.02 0.73 -1.51 0.008 
23 Heat Shock Protein 70 1.06 0.41 -1.09 0.54 -1.05 0.65 -1.42 0.001 
25 
Predicted: Cytochrome 
b-c1 Complex subunit 
-1.16 0.59 1.02 0.57 1.25 0.30 1.43 0.087 
† Negative values indicate an increase in abundance in the more efficient low RFI line and positive values indicate an increase in 
abundance in the less efficient high RFI line 
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CHAPTER 6. GENERAL DISCUSSION AND CONCLUSIONS. 
Genetic selection for low residual feed intake (RFI) decreases mitochondria reactive 
oxygen species (ROS) production in muscles and impacts the protein profile of 
mitochondria from muscles and liver in pigs. These differences have the potential to 
affect the partitioning of dietary energy between cellular repair/replacement and 
growth. This potential shift in energy utilization could impact production efficiency. RFI 
is a measure of production that accounts for average daily gain and backfat in 
calculating expected feed intake. A departure from the expected feed intake indicates 
the animal is either more or less efficient than expected. Animals with a low RFI are 
more efficient and animals with a high RFI are less efficient. The biological causes of the 
variations in RFI have yet to be fully explained, however, a total of 67% is thought to 
exist due to proton leakage, protein turnover, and “other processes” (Herd et al., 2004). 
The observed differences in mitochondria ROS production and protein profile in the 
preceding studies provide a partial explanation of the 67 % of variation in RFI through 
differences in ROS production and the protein profile of the mitochondria.  
 
Production of ROS was reduced (15-33 %) in mitochondria from the red and white 
portion of the semitendinosus muscle from low RFI pigs when compared to high RFI pigs 
(Table 1). Additionally, ROS  production from the mitochondria from the longissimus 
dorsi muscle was positively correlated with RFI. Similar decreases in ROS production 
have previously been shown in studies with poultry selected for differing feed 
efficiencies (Bottje and Carstens, 2009). Decreasing ROS production could lead to less 
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oxidative damage to DNA, lipids, and proteins, reducing mitophagy and protein 
turnover. This decrease in oxidative damage could contribute to a shift in energy 
utilization from cellular repair and replacement toward improved lean growth, the 
ultimate goal in improving production efficiency.  
Table 1. Hydrogen peroxide production in selected tissues using succinate as an 
energy source for complex II of electron transport. Rotenone was added to prevent 
blackflow of electrons into complex I. Addition inhibitors used included 4,4,4-trifluoro-
1-[2-thienyl]-1,3-butanedione for complex II and anitmycin A for complex III or a 
combination of the three. (n = 8 per line) SEM = Standard error of the mean 
 
H2O2 Production 
(nmol/mg protein/min)   
Complex High RFI Low RFI SEM P-Value 
 Semitendinosus, White Portion 
I 11.11 7.58 1.79 0.096 
I and II 11.34 7.59 1.84 0.087 
I and III 21.44 14.01 2.12 0.013 
I, II, and III 22.57 14.91 2.46 0.021 
     
 Semitendinosus, Red Portion 
I 20.07 13.41 3.24 0.085 
I and II 21.39 13.16 3.05 0.035 
I and III 53.68 43.53 8.82 0.29 
I, II, and III 56.78 47.04 9.76 0.36 
 
ROS production from the mitochondria in the liver was not different between RFI lines. 
This implies that genetic selection for low RFI may improve mitochondria coupling and 
function in muscle yet liver mitochondria may be linked to RFI via separate pathways 
related to tissue physiology. Some of these pathways include cellular rescue, antioxidant 
defenses, and metabolic pathways like glycolysis and the TCA cycle. In addition to ROS 
143 
 
 
 
production differences, the protein profile of mitochondria between high and low RFI 
pigs also indicates functional differences between the high and low RFI lines. 
 
 
The protein profile of muscle and liver mitochondria from pigs from both high and low 
RFI lines was compared using 2-dimensional difference in gel electrophoresis (2D-DIGE). 
2D-DIGE enables the comparison of two samples or treatments within a single gel while 
comparing them to a pooled internal reference. In mitochondria from the liver, proteins 
identified as being more abundant in the low RFI line included several dehydrogenases 
and enzymes from the TCA cycle (Table 2). Increases in dehydrogenase enzymes and 
TCA cycle enzymes indicates a greater metabolic capacity of liver mitochondria from the 
low RFI line when compared to the high RFI. Other proteins determined to be difference 
between RFI lines included heat shock proteins 60 and 70, both of which were more 
abundant in the liver mitochondria of low RFI pigs indicating an increase in the ability of 
the low RFI pigs to handle an increase in cellular stress. 
 
Mitochondria from muscle were also found to have a shift in protein profile in response 
to genetic selection for RFI. Proteins identified in muscle mitochondria as being more 
abundant in the low RFI line  included cellular rescue proteins and TCA cycle enzymes 
(Table 2). One of the proteins identified as being less abundant in the low RFI line was 
ERO1α. During times of oxidative stress ERO1α modulates the permeability of the 
endoplasmic reticulum/mitochondria membrane in response to oxidative stress, this 
allows a greater number of ROS into the mitochondria for breakdown. A decrease in 
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ERO1α corresponds with the reduction in ROS observed in mitochondria from the 
muscle in the low RFI line.  As with the liver, these data may represent an increase in the 
metabolic capacity of mitochondria in the muscle from pigs genetically selected for low 
RFI.  
Table 2. Selected proteins identified as being different in abundance in mitochondria 
from liver, muscle, or both between high and low RFI lines. 
Protein Tissue Abundance Function 
Aconitase Liver and 
Muscle 
Increased in 
Low RFI 
TCA Cycle, conversion of citrate to 
isocitrate 
ATP Synthase 
subunit β 
Liver Increased in 
Low RFI 
The catalytic subunit for the production of 
ATP from ADP in electron transport 
Glutamate 
Dehydrogenase 
Liver Increased in 
Low RFI 
Production of NADH, an energy substrate 
for electron transport and ATP production 
Heat Shock 
Protein 60 
Liver Increased in 
Low RFI 
Molecular chaperone and cellular rescue 
protein 
Heat Shock 
Protein 70 
(Mitochondrial) 
Liver and 
Muscle 
Increased in 
Low RFI 
Blocks apoptosis through inhibitory binding 
of apoptosis activating factor 1, thereby 
inhibiting the activation of caspase-9 
 
Several proteins were identified across multiple spots including aldehyde 
dehydrogenase. Aldehyde dehydrogenase is responsible for the production of NADH 
which can be utilized by electron transport as an energy source (Figure 1). Four spots 
were identified as being aldehyde dehydrogenase. The four spots all had similar 
molecular weights and but differing isoelectric points on the 2 dimensional gel. These 
changes in isoelectric point may represent posttranslational modifications of the 
protein. One potential posttranslational modification where molecular weight remains 
relatively unchanged and isoelectric point is shifted is phosphorylation. As 
phosphorylations are added to a protein or peptide the isoelectric point becomes more 
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acidic. Phosphorylation are well known to cause functional changes of the protein. In 
the case of aldehyde dehydrogenase, the most acidic or potentially most 
phosphorylated spot is increased in abundance in the low RFI line. Conversely the least 
or nonphosphorylated spot is decreased in the low RFI line. These data may indicate a 
shift in aldehyde dehydrogenase functionalty between the high and low RFI line. 
 
 
 
In addition to genetic selection by line, phenotypic differences exist within selection 
lines (Figure 2). Balancing experimental design by RFI phenotype rather than RFI line 
provides a more consistent difference in RFI value between high and low RFI pigs. It was 
hypothesized that by providing a consistent difference in RFI value, the differences in 
Figure 1) A sub-section of a 2 dimensional 
difference in gel electrophoresis image. 
Proteins 303-306 were all identified as 
aldehyde dehydrogenase. Identification 
of the same protein across multiple spots 
with similar molecular weights and only 
changes in isoelectric point indicate 
potential posttranslational modifications.  
In the comparison of spot abundance 
between lines spot 303 was 7% more 
abundant in the low RFI line, spots 304 
and 305 were not difference in 
abundance between lines and spot 306 
was 10% less abundant in the low RFI 
line. This indicates differences in 
posttranslational modifications may 
affect abundance and function of 
proteins between high and low RFI lines. 
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protein profile would be more consistent, allowing the observation of a greater number 
of differences. However, balancing experimental design by RFI phenotype rather than 
RFI genotype yielded fewer mitochondrial proteins that were identified as being 
different between high and low RFI phenotype as compared to the RFI line analysis.  
Figure 2) Comparison of the individual RFI index for a group of pigs from the seventh 
generation of the Iowa State selection project. The variation of RFI within line 
presents the need to compare RFI genotype (selection line) and RFI phenotype 
(regardless of line).  
 
  
Genetic selection for RFI can be used to create a model that allows researchers to 
elucidate some of the biological differences in feed efficiency. Less variation in the 
mitochondria protein profile of genetically selected pigs was observed when compared 
to phenotypic differences regardless of line. The lack of difference in mitochondria 
protein profile when balancing experimental design by RFI phenotype and not RFI line 
provides evidence that mitochondria protein profile may not be controlled strictly by RFI 
phenotype but by RFI line.  
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These data demonstrate some of the differences in mitochondria function and 
composition in response to selection for low and high RFI in pigs. They also provide a 
direction for a continuation of these studies including characterization of the 
posttranslational modifications of the proteins identified and determination of how the 
posttranslational modifications affect protein function. Determining the effect 
posttranslational modifications have on activity, distribution, or localization of the 
proteins identified may advance the understanding of biological efficiency. Future 
studies should focus on determining and refining the understanding of the molecular 
differences, such as posttranslational modifications, between high and low RFI lines. 
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